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ABSTRACT

The main goals of this work are to 1) synthesize and optimize inkjet printable
polypyrrole (PPy) nanodispersions, 2) fabricate PPy films and microstructures on a
range of substrates under various printing conditions by using nanodispersions
developed in 1), and 3) ultimately apply these printed structures in various fields,
including controlled drug release, biosensors and tissue engineering.
PPy was chemically synthesised using different surfactants that also acted as dopants,
and polyvinylalcohol (PVA) as a steric stabiliser. The effects of employing different
surfactants and oxidants on particle distribution in the product, surface tension and
conductivity were studied. Consequently, the polymerization conditions were
optimized and an inkjet printable PPy nanoformulation that would resulted in solide
stuructures with reasonable conductivity (~1S/cm) was obtained and printed
successfully using a Dimatix Materials Printer 2800 (DMP2800) with low cost, userfillable piezo-based jetting cartridges.
PPy films and micropatterns were inkjet printed onto multiple substrates, including
glass slides, ITO-coated glass and PVDF membranes. The morphologies, physical
properties, electrochemical properties and thermal properties of the resultant films
were characterized by profilometery, SEM, AFM, UV-vis, and cyclic voltammetry. In
addition, cytocompatibility of these printed structures was demonstrated using PC12
cells.
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An investigation into the use of printed micropatterned PPy scaffolds in tissue
engineering was carried out based on the studies 1) and 2). A novel complex
electroactive PPy/collagen scaffold was inkjet printed onto AryliteTM film for cell
patterning and stimulation. 100 m wide PPy tracks, approximately 1.4 m high,
with conductivity of 1.1 S/cm were obtained. Collagen was subsequently deposited
directly on to the PPy surface. In vitro cell studies using a PC12 cell line verified that
this scaffold effectively guided and patterned PC 12 cells - more than 90% of the
cells adhered to the PPy/collagen tracks. Electrical stimulation was shown to
promote neurite outgrowth and orientation. Inkjet printing is a convenient route to
producing patterned conducting polymer structures that can promote cellular
adhesion and provide a platform for electrical stimulation.
In addition, inkjet printed PPy/enzyme biosensors were also studied. PPy/enzyme
formulations were printed onto the screen printed carbon electrodes and used as
biosensors for hydrogen peroxide. A continuous and stable response was obtained in
a broad concentration range upon the addition of hydrogen peroxide/glucose. All
printed biosensors were fabricated successfully by inkjet printing.
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Chapter 1 Introduction

This chapter presents work that has appeared in the published acticle
“Printing Conducting Polymers” by B. Weng, R. L. Shepherd, K.
Crowley, A. J. Killard and G. G. Wallac on Analyst, 2010, 135, 27792789.
Cover paper.
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Introduction
1.1

Introduction

Until about 30 years ago, all carbon based polymers were rigidmjhhjgbhly regarded
as insulators. In 1977, it was found that polyacetylene could be rendered conductive
by doping[1-2]. Since then, a series of conductive polymers, including polyaniline
(PANi),

polypyrrole

(PPy)

and

polythiophenes

such

as

poly(3,4-

ethylenedioxythiophene) (PEDOT), have been widely investigated and applied in
many fields, including sensors[3-7], actuators[8-11], battery electrodes[12-15], and
platforms for tissue engineering[16-19].
Many applications of conducting polymers have been limited by the lack of
processability, since these materials are known to be insoluble and infusible[20].
Consequently, electrodeposition has been the usual method of choice to produce
conducting polymers in the research laboratory. While this provides a convenient and
controllable method for coating conductive substrates, it is limited in the ability to
produce thin (<1

m) uniform layers with many polymers of interest and it is

difficult to control over spatial distribution of conducting polymers on a range of
substrates

conductive or non-conductive, porous or nonporous. In cases where

conducting polymers can be rendered soluble (usually by functionalising the polymer
backbone) or when stable nanodispersions can be formed, electro-spinning[21-24],
wet spinning[25-28], spin coating[29-31] and printing[32-35] have been used for
processing. Only printing provides a convenient route to the deposition of conducting
polymers with spatial resolution of the x, y plane in the order of tens of microns and
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makes layer thicknesses of the order of 100 nm feasible. Printing also provides a
rapid, low cost method which can potentially be used commercially for mass
production[36].
In recent years, growing efforts have been focused on the fabrication of conducting
polymer based devices by printing[35, 37-38]. In this chapter, progress towards the
use of printing to produce sensors and other electrochemical devices that utilise
conducting polymers is reviewed. Printing is a reproduction process in which ink is
applied to a substrate in order to transmit information (images, graphics, text) in a
repeatable form[36, 39]. Printing technologies that require a printing plate, such as
lithography (offset), gravure, letterpress and screen printing, are known as
conventional methods of printing.

Other approaches such as inkjet printing or

electrophotography fall into the category of non-impact printing (NIP) technologies
since a printing plate is not required. Amongst all the printing technologies available,
inkjet printing [32, 40-42] is the most commonly used in the production and
fabrication of conductive films and structures with conducting polymer formulations.
These printed structures are being further integrated with biological materials and
microfluidic systems to introduce even greater functionality[43].
1.2

Inkjet Printing

In general, inkjet printing is a digital, non-contact printing technology which does
not require an intermediate carrier for the image information deposited onto the
substrate. In the inkjet printing process the ink can be transferred and patterned
directly onto the substrate from a nozzle or print head with multiple jets. This allows
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a great deal of flexibility at the research and development stage as it does not require
the costly design and fabrication of specific stencils, screens or rollers. Printed
patterns can be evaluated and changed rapidly and at minimal cost using simple CAD
software. In addition, the availability of flat bed instruments for intermediate
research, development and low volume production scale allows for transition from
the laboratory bench to the production plant. Inkjet can also be made large area and
high throughput by many print heads into large linear arrays. However, to achieve
patterning, the substrate, print source or a combination of both must be moved.
Typically, for small-scale developments, printers with a movable XY print head are
used. For large scale production, single pass linear arrays of inkjet print heads are
employed at the speed of 24 m.min-1 with print widths of up to 1.1 m. Feature sizes
as small as 10-20 µm are now being reported. Due to the inherent accessibility of the
technique for developmental purposes, scalability and the low viscosity requirements
of the inks (2-25 mPa.s), inkjet printing is proving increasingly popular in the
development of printed electronic devices[33].
Challenges in the development of inkjet printable conductive polymers include the
ability to produce soluble, dispersable materials with sufficient conductivity, and to
produce ink formulations that will provide appropriate delivery and curing
characteristics to provide compact features with good adherence and with appropriate
resolution and conductivity. These desirable characteristics are as much a function of
the solvents used as they are the conducting polymer materials[44].
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The primary role of the solvent is to provide compatibility with the conducting
polymer to be printed. Some degree of solvent-polymer interaction is required to
ensure the ink produced is stable for an adequate period of time. The solvent used
will also dictate the rheological and surface energy characteristics of the ink
produced. For example, the use of low molecular weight solvents (e.g. water or low
molecular weight organic solvents) will generally provide low viscosity inks. If
higher viscosity is required polymer additives or higher molecular weight solvents
may be utilised. Some additives that can influence viscosity and surface tension may
also provide beneficial effects through interaction with the conducting polymer
material. For example, ethylene glycol (EG) is a common co-solvent/additive for
PEDOT/PSS, as EG can increase the conductivity of PEDOT/PSS significantly [4549] and also influence the viscosity and surface tension of the dispersion produced.
The quality of the printing will also be affected by the choice of solvent, and its
compatibility with the deposition method and the substrate being used. To avoid
issues such as bleeding and spreading on the surface, the solvent-substrate interaction
and the rate of solvent evaporation must be carefully controlled. The printed
materials must be rendered a solid/semi-solid, continuous conductive film after the
removal of the solvent. Organic systems give a great deal of control of drying
temperatures and rates, and often employ combinations of solvents to further
improve film quality following curing. There is less control over aqueous-based
systems, however, forced air drying can be used to accelerate the process [160].
Inkjet printing technologies can be classified as continuous or drop-on-demand (Fig.
1.1)[36]. Continuous inkjet printing technology generates a constant stream of small
7

ink droplets, which are charged according to the image and controlled electronically.
The charged droplets are deflected by a subsequent electric field, while the
uncharged ones flow onto the substrate. This means that the imaging signal for
charging the droplets corresponds to a negative print image. Drop-on-demand inkjet
printing technology reproduces positive print images by generating a droplet only if
it is required by the images. Thermal inkjet and piezoelectric inkjet printing are the
most important drop-on-demand technologies. A thermal inkjet (bubble jet) printer
generates the drops by heating and localized vaporization of the liquid in a jet
chamber. However, there are some limitations for thermal inkjet printers. Usually,
only water and non-volatile organic solvents with similar boling point can be used as
the solvents of the ink, and this imposes restrictions on printing materials that only
dissolve in high boiling point organic solvents to form non-aqueous thermal inks.
With piezoelectric inkjet printing, the ink drop is formed and catapulted out of the
nozzle by mechanically deforming the jet chamber, an action resulting from an
electronic signal and the piezoelectric properties of the chamber wall. Therefore, inks
based on either organic or aqueous solvents are suitable for piezoelectric inkjet
printers. For both printer types, nozzle sizes are typically 20 - 50 μm in diameter,
droplet volumes produced are 10 - 80 pL, and final drop diameters are in the range
30 - 150 μm. Smaller nozzles allow for smaller droplets to be produced and higher
print resolution, with drop volumes of 1 pL possible.
Crucial aspects of inkjet printing technology are the ink and its physical properties,
in particular the viscosity and surface tension[33, 36, 43]. The viscosity should be
low enough to allow the channel to be refilled in about 100 μs, and surface tension
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should be high enough to ensure that ink is held in the nozzle without dripping[33].
In general, typical viscosity value for an inkjet printable ink is below 20 mPa s, and
in practice, surface tension ranges from 28 to 350 mN/m[50]. Particle size and
distribution of particles in the ink is also an important factor for printing. The
recommended particle size is determined by the nozzle diameter of the printhead
used. Dimatix recommends that particle size should be lower than 1/100 of the
nozzle diameter (21.5 m), which is ~200 nm, for a 10 pL printhead. The Xaar 80
pL printheads have an internal 3.1

m filter to protect the printhead and have a

longer working life. Most Xaar approved inks have a recommended particle size
lower than 450 nm. When the particle size becomes of the order of 1 μm, nozzle
clogging problems may occur.

Figure 0.1 Inkjet technology. (a) continuous inkjet printing; (b) “drop-on-demand”
inkjet printing(Adapted from ref. 23).
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1.3
1.3.1

Printable conducting Polymers
Polyaniline (PANi)

The chemical structure of PANi is illustrated in Fig. 1.2[51]. The “y” indicates the
degree of oxidation. Leucoemeraldine (y=1) is the fully reduced state. Pernigraniline
(y=0) is the fully oxidized state with imine links instead of amine links present.
These two states of PANi are both insulating. PANi is only electrically conductive in
its emeraldine oxidation state (y = 0.5) when doped with a salt that protonates the
imine nitrogens on the polymer backbone.

Figure 0.2 Chemical structure of Polyaniline
The conductivity of PANi increases with doping from the undoped insulating base
form (~10-10 S.cm-1) to the fully doped, conducting acid form (> 1 S.cm-1)[51].
Doping and dedoping processes are typically carried out chemically with common
acids such as hydrochloric acid, and bases such as ammonium hydroxide;
electrochemical processes can also be used.
PANi has been studied for numerous applications including lightweight battery
electrodes[52-53], electromagnetic shielding devices[54-55], and anti-corrosion
coatings[56-57]. However, even given the extensive range of useful electrochemical
properties, PANi has demonstrated limited use for many reasons; including the
difficulty of processing the conducting form which, once formed is environmentally
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robust but relatively intractable. Thus a key objective has been to increase the ease of
processing and manipulation of the polymer while maintaining its conducting
polymeric form.
Until recently, fabrication options available for conductive polyaniline were limited
principally to simple chemical polymerisation or electrochemical polymerisation.
The former could either be a bulk process or for the direct formation of films while
the latter was only suitable for in-situ film formation. Although electrochemical
deposition produces superior films [158, 159], it is more time consuming. Bulk
chemical production can be achieved via chemical polymerisation of PANi
nanoparticles. The fabrication of PANi nanoparticles has now been used to achieve
both improved physical and electrochemical properties and increased processability.
Aqueous PANi nanodispersions doped with dodecylbenzenesulfonic acid (DBSA)
have been produced[37] with a uniform particle size of approximately 80 nm in the
doped conductive form. These nanodispersions have been found to be highly stable
over long periods of time (at least several months). A rheological study indicated that
PANi-DBSA nanodispersions could be prepared as inks with viscosities suitable for
piezoelectric inkjet printing (2-12 mPa.s). Surface tensions of the nanodispersions
(27-30 dyn.cm-1) were also similar to that of commercial inkjet printing inks. Inkjet
printing of the nanoparticles was successfully carried out using an Epson Stylus C45
printer. High quality images were generated on paper in just 30 s. It was shown that
both electrochemically deposited[3] and inkjet printed films formed from the
nanoparticles were comparable in terms of conductivity and electroactivity[32].
When inkjet printed onto carbon paste electrodes using an Epson C46 printer at room
11

temperature, the nanoparticles coalesced to form high-quality, nanometrically
smooth, uniform films. The cyclic voltammetry (CV) of this printed film was welldefined and stable, showing two primary sets of reversible polyaniline peaks with the
main peaks A and B corresponding to the transformation of leucoemeraldine (LB) to
emeraldine salt (ES) and ES to pernigraniline (PS), respectively. On the reverse scan,
peaks B‟ and A‟ correspond to the conversion of PS to ES and ES to LB, respectively.
The presence of the peaks C/C‟ is associated with the formation of p-benzoquinone
and hydroquinone as side products upon cycling to high oxidative potentials
necessary to observe the transition from ES to PS couple.

Figure 0.3 Scan rate study in HCl (1 M) of an inkjet-printed film (24 prints) on a
screenprinted carbon-paste electrode. Inset: graph of the dependence of peak current of
peaks A (r2 = 0.9678) and A‟ (r2 = 0.9584) on scan rate[32].

This study demonstrated that these inkjet printed films could be finely controlled in
terms of their two dimensional pattern, thickness and conductivity; highlighting the
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level of precision that can be achieved by inkjet printing. It also demonstrated that
discrete polymer nanoparticles could communicate electrically with each other in an
analogous manner to a single polymer film.
1.3.2

Polypyrrole (PPy)

PPy can be used in a broad range of applications, including rechargeable
batteries[13, 58], capacitors[59-61], sensors[62-63] and actuators[64-66]. The
chemical structure of PPy is shown in Fig. 1.4. The heteroaromatic and extended πconjugated backbone structure of PPy provides it with chemical stability and
electrical conductivity, respectively. However, the π-conjugated backbone structure
is not sufficient to produce appreciable conductivity on its own. Partial charge
extraction from the PPy chain is also required, and this is achieved by a chemical or
an electrochemical process referred to as doping. The conductivity of the neutral PPy
is remarkably changed from insulating to metallic by doping[67-69].
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Figure 0.4 Chemical structure of Polypyrrole
Functionalisation of PPys to render the polymer soluble has significant deleterious
effects on electronic properties. The formation of stable nanodispersions of PPy has
also been proven more challenging than for PANi. Both of these factors have limited
printing applications.
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1.3.3

Polythiophene (PTh)

The structure of polythiophenes is analogous to the polypyrroles discussed above.
The chemistries available when using polythiophenes mean they are more amenable
to functionalisation and solubilisation in organic solvents. However, attaching
functional groups (e.g. alkyl sulfonates) to render them water soluble does
compromise electronic properties. The synthesis of polymers of the bicyclic 3,4ethylenedioxythiophene (EDOT) and its derivatives[70] provided a significant
breakthrough in processable polythiophenes. PEDOT has a very stable and highly
conductive cationic „„doped‟‟ state. An industrially useful form of oxidized PEDOT
has been prepared by aqueous oxidative polymerization of the EDOT monomer in
the presence of a template polymer, usually polystyrene sulfonic acid (PSS). PSS is a
commercially available water-soluble polymer which serves as a good dispersant for
aqueous PEDOT. Polymerization with the oxidant sodium peroxodisulfate yields a
processable PEDOT-PSS-complex in the conductive, cationic form (Fig. 1.5).

Figure 0.5 Chemical structure of PEDOT-PSS
14

PEDOT-PSS is extensively used as a transparent organic conductor to replace
inorganic materials such as ITO, and as the basis of conductive interconnects for use
in flexible and printed electronics. The main focus of development has been on
increasing its conductivity and formulation for a range of deposition techniques[71].
Currently, conductivities of 1000 S.cm-1 are available from commercial sources
(Clevios from Heraeus, Germany). The rheological properties and conductivities of
the ink are thus affected by the requirements of the printing process. For example
Clevios PH1000[72] has conductivity in excess of 900 S.cm-1 with a high solids
content which yields a viscosity of 50 mP.s, making it ideal for flexo and gravure
printing. For inkjet printing, a lower viscosity formulation of 5-18 mP.s with
conductivities of >200 S.cm-1 is available (Clevios P Jet V2)[73].
Poly(3-hexylthiophene) (P3HT) (Fig. 1.6) is also widely employed as an organic
semi-conductor, and is being employed extensively in the development of organic
and printed transistors and solar cells. The main challenge with organic semiconductors is to meet the charge carrier mobilities achievable with current forms of
silicon. Traditionally, amorphous silicon could reach mobilities of approx. 1
cm2/(Vs). However, crystalline silicon can reach mobilities of 10 to 100
cm2/(Vs)[74], resulting in extremely high switching speeds. However, charge carrier
mobilities of P3HT remain several orders of magnitude below; with carrier mobilities
typically of the order of 0.01 to 0.1 cm2/(Vs). Nonetheless, such materials still have
many useful applications[75].
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P3HT is being investigated for its application in printed organic semi-conductors and
has recently been studied using several printing methods including gravure[76] and
inkjet[77]. P3HT possesses the typical conducting polythiophene backbone and is
made processable by the addition of alkyl side chains which make it soluble in
organic solvents[74, 78-80]. The presence of such solvents puts additional rigours on
the printing process and materials compatibilities. Notwithstanding this, recent
reports have shown that it can form the basis of fully gravure-printed field-effect
transistors with mobilities of 0.04 cm2/(Vs)[81]. In organic solar cells, it has been
used as the electron donor in combination with the electron acceptor fullerene
derivative 6,6-phenyl C61 butyric acid methyl ester (PCBM). This blend has been
deposited using inkjet printing and has achieved efficiencies of 3.5 %[82].

Figure 0.6 Chemical structure of P3HT
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1.4
1.4.1

Inkjet printing of conducting polymers
Inkjet printing of PANi

A number of chemical sensors[83-87] and biosensors[88-92] were made from Pani.
Recently, a series of inkjet printed sensors[155] have been reported to be produced
using

inkjet

printable

PANi

nanodispersions[37]

and

PANi

composite

dispersions[156-157].
PANi is well known for its ammonia sensing capabilities, and an ammonia gas
sensor was produced by inkjet printing PANi nanodispersions onto an interdigitated
electrode (IDE) array[4]. The silver or carbon-based IDEs were first prepared by
screen printing. Inkjet printing was performed using an Epson C46/C48 piezoelectric
printer wherein the nanodispersion ink was used to fill the cartridge (Fig. 1.7). At
room temperature, the sensor responded rapidly to ammonia gas (t50 = 15 s). Sensor
recovery time, response linearity and sensitivity were all significantly influenced by
the number of printed layers. The sensor was found to have a stable logarithmic
response to ammonia in the range of interest (1–100 ppm) (Fig. 1.8).
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Figure 0.7 (a) Polyaniline interdigitated electrodes (nanoPANi-IDAs) shown alone
and (b) with a thermofoil heater. (c) Exploded schematic diagram of the nanoPANiIDA electrode showing the different layers of the sensor[4].
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Figure 0.8 Effect of operating temperature on analytical response to ammonia (I/I0 vs.
[NH3]). Inset shows (I0-I)/I0 vs. log[NH3] at 60°C, 70°C and 80°C; + 0.1 V potential
applied to sensor[4].
A sensor for the amperometric detection of aqueous ammonia was also fabricated by
inkjet printing dodecylbenzene sulfonate (DBSA) doped polyaniline nanoparticles
(nanoPANi); this time onto a screen printed carbon paste electrode with a Dimatix
Materials Printer[93]. CV of the inkjet fabricated nanoPani electrode showed that the
electrode was more sensitive to ammonium in aqueous solution under neutral state
(pH=7.5) than at more acidic (pH=6) or more alkaline (pH=9) pH. It was also tested
in a flow injection analysis system and was found to have good sensitivity with an
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experimental detection limit of 20 μM and a theoretical detection limit of 3.17 μM
(0.54 ppm) (Fig. 1.9). The printing approach allowed for rapid production of low cost,
solid state, polyaniline based aqueous ammonia sensors.

Figure 0.9 Relationship between the amperometric response of the inkjet-printed
PANI modified electrode and ammonium concentration (as ammonium chloride) at
pH 7.5 (n = 3). Injection volume: 200μL. Flow rate: 400μL min-1. Injection interval:
200 s. Applied potential: - 0.3 V vs. AgCl pseudo-reference electrode. Electrode area:
7.07 mm2. (a) 0-80 μM (0-1.44 ppm). (b) 0.25-10 mM (1.8 - 450 ppm). Inset: (i)
realtime amperometric responses for calibration plot, and (ii) calibration plot before
logarithmic treatment[93].
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Ammonia sensors have also been prepared by printing polyaniline dispersions on
various substrates and using a radio frequency detector to monitor conductance[94].
The inkjet printed PANi-DBSA dispersion worked as an ammonia sensor but cycling
time on exposure to volatile acid or heat was slow, probably because of deep
penetration of the low viscosity PANi-DBSA inkjet formulation through the
substrate material. A screen print paste prepared by evaporating the PANi-DBSA
inkjet formulation to a higher viscosity was more successful. Together, the PANiDBSA and the radio frequency detector form a non-contact sensor for the detection
of ammonia within sealed packages, and is therefore a low cost device that might be
suitable for smart packaging applications.
Commercial PANi dispersions have also been inkjet printed to fabricate sensors[41].
Loffredo et al. printed a PANi suspension obtained from Sigma Aldrich (Table 1)
onto alumina substrates to form gas sensing films, and the response to ammonia was
tested and compared with sensors obtained by spin coating. Both fabrication methods
produced PANi films that were sensitive to NH3, and the response of devices
obtained by inkjet printing was greater than those observed with films prepared by
spin coating with comparable thickness.
Virji et al. have shown that the selectivity of PANi nanofibres can be modified by
combining it with copper (II) chloride, showing irreversible sensitivity to hydrogen
sulphide[95]. Recently, Crowley et al. demonstrated that a hybrid organic/inorganic
inkjet printed electrode based on a combination of PANi nanoparticles and copper (II)
chloride dispersion deposited onto a silver paste, screen printed interdigitated
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electrode(IDE) could achieve reversible detection of hydrogen sulphide in the range
of 1 – 100 ppm[96](Fig. 1.10).

Figure 0.10 Current-time transient obtained for a PANI-CuCl2 sensor (silver IDE) on
exposure to increasing concentrations of hydrogen sulfide gas. Inset shows the
calibration plot obtained (data sampled 180 s after each injection)[95].
Table 0.1 PANi characteristics (by Aldrich) and inkjet parameters used to make
sensing lines of this conductive polymer on alumina substrate[41].
Ink characteristics

Inkjet parameters

Ink = polyaniline (PANi)
Nozzle diameter = 70 μm
Concentration = 2-3wt%(dispersion on xylene)
Voltage = 50 Volts
Conductivity = 10-20 S/cm(film)
Pulse length = 80 μs
Viscosity = ~3cP
Frequency =15 Hz
Density = 0.90-0.95 g/mL at 25°C
Substrate speed = 750
mm/s
Substrate = alumina(1x1.5cm2)
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PANi–poly(4-styrenesulfonate) (PSS) nanoparticles (average diameter = 28 nm)
have also been used to form aqueous dispersions with physical properties that make
them amenable to inkjet printing[5]. The viscosity and surface tension were found to
be ca. 4 mPa.s and ca. 63 mN.m–1 respectively, making them suitable for inkjet
printing. A commercial Canon printer (Pixma ip 1000) was used to print PANi
sensors to HCl and NH3 gas on photopaper. The printed sensors showed superior
sensitivity and more rapid response time relative to conventional photolithography
printed PANi-based chemical sensors[5].
Recent unpublished collaborative work between our group and Dublin City
University has demonstrated successfully the compositing of PANi nanoparticles
with multi-walled carbon nanotubes (MWCNTs). The PANi nanoparticle dispersion
was found to be an excellent medium for the distribution of 1% (w/v) MWCNTs into
a stable formulation suitable for inkjet printing. Both PANi and CNT-modified PANi
electrodes were comparable in their sensitivity to ammonia gas, both being capable
of detecting 250 ppb. However, the CNT-modified formulation showed more rapid
response and recovery times. At 1 ppm, t50 responses were 16 s for PANi
nanoparticles, and 7s for PANi/MWCNTS, respectively. Recoveries (t50) were
greater than 300s for the PANi nanoparticle based system and 52s for
PANi/MWCNTS (Fig. 1.11).
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Figure 0.11 Normalized current responses of inkjet printed PANi nanoparticle (black)
and PANi-MWCNT (red) electrodes to ammonia in the range 0.25 to 1000 ppb
(previously unpublished data).
The synthesis processing of a water-dispersible polyaniline composite ink
comprising poly(methoxyanilinesulfonic acid) (PMAS)[97] with MWNT loadings of
up to 32 % have been described [98-99]. Dispersions with nanotubes (concentration
10mg/ml-1, temperature 25 °C, viscosity 5.5 cP, and surface tension 72 mN.m-1) were
inkjet printed using a Dimatix materials deposition system on PET. CVs obtained for
printed films on Au-PVDF exhibited three redox couples attributed to the following
interconversions: PAni/PMAS leucoemeraldine–emeraldine, PMAS emeraldine–
pernigraniline, and PAni emeraldine–pernigraniline. The sheet resistance and
conductivity of free standing films at the highest loading fractions were 5

sq-1 and

51 S/cm respectively. The unique combination of conducting electroactive polymers
with conducting carbon nanotubes has been proven to be an ideal formulation with
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all of the demanding characteristics needed for inkjet printing. These materials could
be readily deposited onto substrates such as photopaper, PET, Pt-ITO and Au-PVDF.
A sheet resistance of 500

sq-1 was attainable for a single printed layer on

photopaper. The printed films displayed electrochromic behaviour, and could be
switched between yellow, green and blue colour.
Other printable conducting polymer/metal composites have also been studied. Inkjet
printable polyaniline-gold (PANI-Au) hybrid dispersions were synthesised using
gold salt as oxidant to simultaneously induce chemical oxidative polymerisation of
aniline and reduction of HAuCl4 in bulk aqueous solution. By varying the amount of
HAuCl4 used for the polymerisation, the size, morphology and population of the
resulting gold particles embedded within the polymer were controllable. This hybrid
material was shown to be highly processable, and inkjet printing of this material was
demonstrated on flexible substrate which resulted in high quality, printed films[156].
Inkjet printing has also been combined with vapour phase polymerization to achieve
the patterned deposition of PANi[100]. Here, the oxidant (ammonium persulphate)
was first patterned using inkjet printing and a PANi film was formed by the
introduction of a chemical vapour of aniline monomer which polymerized when in
contact with the oxidant. Films of less than 0.5 µm were formed, with line widths
down to 80 µm, although with very poor edge definition. Below a line width of 500
µm, sheet resistance began to increase significantly to 1.9 x 104 Ω/□.
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1.4.2

Inkjet printing of PPy

Inkjet printed films of the conductive polymer PPy have been used for vapour
sensing at room temperature by Mabrook[70]. A commercial PPy dispersion from
Sigma Aldrich (Product Number 482552) was printed using an HP thermal printer
with a resolution of 600×600 dots per inch. Ethylene glycol was added (10 %) to this
polypyrrole dispersion to reduce viscosity to less than 100 cP and obtain a surface
tension of approximately 35 mN/m. A significant increase in conductivity was
observed upon exposure of the films to the vapours of simple alcohols. The value of
the fractional resistance change, ΔR/R, of the films increased linearly with
concentration of either ethanol or methanol. A relatively high ΔR/R value,
approximately 90 %, was obtained on exposure to 5000 parts per million of methanol
(Table 1.2). The response time of the inkjet printed sensors to polar vapours was
generally shorter than that for non-polar compounds.
Table 0.2 The measured sensitivity and response time to 5000 ppm of different
vapours[70].
Compound
Dielectric constant
∆R/R (%)
Response time (s)
Methanol
33.6
88
40
Ethanol
24.3
68
60
Propanol
20.1
55
70
Chloroform
4.8
40
90
Benzene
2.3
30
90

1.4.3

Inkjet printing of PTh

Printed polythiophenes such as PEDOT-PSS have also been utilised as chemical
sensors. PEDOT-PSS has been used for the detection of organic vapours[101]. The
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electrical resistance of inkjet printed films was monitored when exposed to
atmospheres containing alcohol. The resistance of thin films (one or two printed
layers), increased sharply and non-reversibly as the concentration of alcohol vapour
in a carrier gas increased. In contrast, the resistance of thick films (four to five
printed layers), showed a decrease in resistance with increasing vapour concentration.
An intended application for this inkjet printed device is a handheld instrument (either
a single shot or multi-use device, depending on the film thickness) to monitor the
presence of organic vapours. For example, the PEDOT-PSS inkjet printed
chemiresistors could be used as the sensing elements in a cheap, disposable handheld
personal breathalyser to monitor the concentration of alcohol in the blood or as the
sensing elements in ALCOLOCK devices.
Gas sensors have also been fabricated by inkjet printing technique using a range of
regioregular polythiophenes with different functional groups[102]. Sensors were
printed using a custom inkjet deposition system with a Microfab drop-on-demand
single nozzle print head delivering 50 pL drops through 30 μm nozzles with ± 4μm
drop placement accuracy. Each sensor film had a diameter of 200 microns and the
overall size of the 24 element array was 3 mm x 3mm. The resulting PTh chemical
sensor array was used to detect a range of volatile organic compound vapors in the
low ppm range and to discriminate between them using principal component analysis.
Biosensors have also been fabricated by thermal inkjet printing of PEDOT-PSS and
glucose oxidase (GoD) in sequence onto ITO glass[103]. Films of PEDOT and GoD
were printed using a prototype system based on an Olivetti I-Jet print head with 208
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nozzles and drop volume of 10-12 pL. The resulting amperometric biosensors were
finally encapsulated with a cellulose acetate membrane by dip coating to prevent
dissolution of the active layers. The biosensor did successfully detect glucose but
sensitivity was relatively low (6.43 μA M-1cm-2) compared to other materials based
on GoD entrapped in electropolymerised PEDOT films (5 mA M-1cm-2).
Voltammetric measurement of this device was carried out in the presence/absence of
mediator hydroxymethylferrocene (FeMeOH). Minor variations of the voltammetric
signal were obtained after the addition of the glucose in solution in both systems (Fig.
1.12). This was attributed to the relatively thick printed PEDOT films used (230 nm)
and the effect of this on diffusion processes.
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Figure 0.12 Cyclic voltammograms of the complete PEDOT-PSS-GoD inkjet printed
on ITO-glass electrode in the absence (a) and in the presence (b) of the FeMeOH
(14 mg/L) before and after the addition of glucose (40 mM) into the buffer
solution[103].
An inkjet printed hydrogen peroxide biosensor has also been reported by Setti et
al.[104]. The device was fabricated with a commercial printer Canon i905D using a
thermal printhead. A thin layer of PEDOT-PSS (230nm), which was in turn covered
with Horseradish Peroxidase (HRP) with an activity of 0.14 U/cm2, was inkjet
printed on top of an Indium tin oxide (ITO) coated glass slide. The activity values of
HRP in the biological ink before and after the printing were 210.3 and 238.0 U/mL
respectively, which indicates that the active components of the device retained their
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properties after the thermal inkjet printing. The whole device was encapsulated by
means of a selectively permeable cellulose acetate membrane. The final HRP-inkjet
printed biosensor response was tested using chronoamperometry. The response of the
device was remarkably linear up to 1 mM in hydrogen peroxide (Fig. 1.13), with a
maximum sensitivity of 0.544 μA mM−1 cm−2, in line with data reported in literatures
[105-106] for other HRP-based sensors.

Figure 0.13 Calibration curve of the inkjet printed biosensor for H2O2 at an applied
potential of −0.10 V vs. SCE[104].
Conducting polymers can also be used as strain gauges and show a much more
significant change in resistivity with applied strain compared to metals. Controlled
inkjet printing of PEDOT-PSS onto cotton fabric resulted in selective conductivity,
which increased with curing of the printed sample[7, 107]. Silver connecting leads
(0.5 mm width) were applied to the fabric by both inkjet printing and electrodes
plating. SEM and EDX observations revealed thick deposition of silver on the Nylon
6, 6 fabrics even after washing and rubbing which indicates reasonable adhesion.
PEDOT-PSS sensing lines were inkjet printed onto the fabrics and showed reversible
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resistance changes in response to applied external strain. Electrical analysis proved
that human motions can be sensed by the printed assembly of sensors and connectors.
Transparent and conductive patterns of carboxyl functionalized single-walled carbon
nanotubes (SWCNT-COOHs) and the composites of those with PEDOT-PSS have
been deposited on various substrates by inkjet printing[42]. For low print repetitions,
the PEDOT-PSS/SWCNT-COOH composite patterns show enhanced conductance as
compared to the corresponding PEDOT-PSS conductors. Patterns with sheet
resistivities as low as ~1 kΩ/□ were achieved, however there is a trade-off between
transparency and conductivity - highly transparent patterns (~ 90 %) with a
reasonably low resistivity of ~10 kΩ/□ were realised.
Denneulin et al. mixed PEDOT-PSS (Baytron P) with PEG functionalized single
wall carbon nanotubes to produce a much more conductive film compared to the
original PEDOT-PSS film[108]. Conductive patterns were deposited on polymer
films using a Dimatix 2831 inkjet printer. Performances of several CNTs were
evaluated (single-walled, multi-walled and functionalized CNTs) and sheet
resistances ranged from 10537 to 225 Ω/sq (Fig. 1.14). The latter, achieved using
CNTs functionlized with polyethylene glycol (PEG-SWCNT), appeared to be the
best candidates for printed electronics with sheet resistances as low as 225 Ω/sq,
which is one of the lowest resistances obtained by inkjet printing in this paper. This
work also discusses the CNT network performances and emphasizes the degradation
of electrical properties linked to the use of surfactants. This study represents an
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important step for the integration of CNTs in printed electronics applications and
offers new opportunities to produce cost-effective electronics.

Figure 0.14 Variation of sheet resistance over three different composite ratios and for
different kinds of CNTs with a printing configuration corresponding to the
superimposition of five layers[108].
A range of electronic components including transistors, resistors, capacitors,
electrochromic display cells, solar cells and interface circuits have been printed with
PEDOT-PSS. Such devices are important in the realization of all-printed conducting
polymer sensing systems[109, 110].
The printed transistor circuit was first studied by H. Sirringhaus[109] in 2000. Since
then, a series of all printed transistors and devices have been fabricated and
characterized. Kawase et al. fabricated all-polymer inkjet printed PEDOT-PSS thin
film transistors(TFTs) with a desktop inkjet printer[110]. The transfer characteristics
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of the device exhibited a high on–off ratio of more than 105, which was found to be
the same level as reference devices with gold electrodes.
A study by Richard Mannerbro et al. demonstrated that it is possible to use a simple
desktop inkjet printer to manufacture organic electrochemical circuitry on rough
flexible carrier substrates, e.g. glossy paper[40]. Due to the ease with which a circuit
designer can go from design idea to a real prototype device using a flexible inkjet
printing system, this technique can be anticipated to be useful for the production of a
series of small devices based on the electrochemical technology discussed[111].
A recent work from Basiricò demonstrated the possibility of using inkjet printing to
fabricate all PEDOT:PSS Organnice Electro-Chemical Transistors, which are
reproducible and rebost enough for biosensors and low cost circuitry. The working
ranges of such devices can be controlled by varying the device geometry, such as the
ratio between the gate and the channel areas, as in this case of structures with gate
acting as a polarized electrode [162].
Printing has also been used to produce all-polymer PEDOT-PSS capacitors (Fig.
1.15). A commercial Epson Stylus color 480 SXU printer was used to inkjet print a
commercial PEDOT-PSS dispersion (Baytron P) as the conductive layers of the
capacitor.

Poly(biphenyltetracarboxylic

dianhydride-co-phenylenediamine)

(PBPDA-PD) was chosen as the insulating material because PBPDA-PD will form
insoluble polyimide (PI) upon heating [112]. The inkjet printed polymer capacitor
functions similarly as the traditional parallel plate capacitor. The characteristics of
the inkjet printed all-polymer RC filter under test indicate that the feature properties,
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such as simulation of output vs. log (frequency), and simulation result of transient,
are in agreement with expectations.

Figure 0.15 (a) The cross-section of the all-polymer capacitor. (b) The structure
design of the RC filter. (c) Picture of the fabricated polymer capacitor. (d) Picture of
the fabricated polymer RC filter[112].
RC filter circuits based on these capacitors have also been successfully fabricated
using PEDOT-PSS(BAYTRON P) and PANi(Sigma) as the conductive layers [113].
Simulation of the printed RC circuits has been demonstrated and compared with the
experimental measurement results. Theoretical analysis and experimental results
show that the RC filter circuits function well.
As stated above, conducting polymers have played significant roles in
multidisciplinary applications involving chemistry[114-117], bionics[118-123] and
physics[124-128]. Printing of PANi and PEDOT-PSS has already been broadly
investigated. However, the processability of PPy has not been sufficently explored.
Meanwhile, PPy is the most commonly used conducting polymer for bionic
applications, including biosensors[129-133], controlled drug release[119, 134-136]
and tissue engineering [137-141].
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1.5
1.5.1

PPy bionic applications
PPy biosensors

1.5.1.1 PPy hydrogen peroxide biosensor
Hydrogen peroxide is not only a crucial raw material of many industrial reactions,
but also plays an important role in the detection of a series of biomolecules,
including glucose, lactate and cholesterol, as it is the by-product of many biocatalyzing reactions. PPy was the first conducting polymer utilized for biosensing, as
electron movement during hydrogen peroxide redox processes can be monitored by
electrochemical methods including CV and amperometry.
In 1990, Wollenberger et al. first used PPy with horseradish peroxidase (HRP)
enzyme as hydrogen peroxide sensor[142]. Pyrrole (Py) in the presence of HRP was
electrodeposited on pyrographite electrode as well as platinum electrode for
hydrogen peroxide sensing. A -10mV potential was applied at the electrode for
amperometric characterization of the response to hydrogen peroxide. The results
indicated that the dependence of the steady state current on the concentration was
linear up to 0.6 mM.
Since then, many modifications have been investigated to improve the long term
stability and sensitivity. Razola et al. precoated a PPy layer on a platinum electrode
for improved adhesion of electropolymerised biocatalyst PPy/HRP film. The
biosensor allowed for the determination of hydrogen peroxide in the concentration
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range of 4.9 x 10-7 to 6.3 x 10-4 M. The biosensor retained more than 90% of its
original activity after 35 days of use (Fig. 1.16) [143].
Nanoporous PPy-HRP electrodes were fabricated using nanoporous alumina
membrane templates to increase the effective surface area. Characterisation of this
device showed greater sensitivity at lower concentrations. When the sensor was
operated at -0.1V, a wider linear range of 10 nM to 25 µM and a sensitivity of 1
A/M·cm2 was achieved[144].

Figure 0.16 Biosensor stability profile. Hydrogen peroxide in concentration range
5x10-7 to 6 x10-4 M[143]
1.5.1.2 PPy glucose biosensor
Amperometric PPy-enzyme glucose biosensors were first reported by Foulds et al. in
1986.

The entrapment of glucose oxidase (GoD) in a polypyrrole matrix was

electrochemically carried out on a printed platinum electrode. The device responded
linearly from 10 µM to 1.6 mM when a + 0.7 V potential was applied. The stability
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of the PPy/GoD electrode was measured after storage in 0.1 M phosphate buffer at
4°C and the useful lifetime of the electrode was >21 days[129].
Polyarylamide (PA) was used to fabricate a microgel structure for the stabilization
of PPy and GoD. Electropolymerisation was carried out in an acrylamide
concentrated emulsion containing GoD and PPy that resulted in microparticles with
sizes between 3.5 to 7 µm. The conductivity of these particles ranged from 10-12 to
10-5 S/cm for different PPy/PA ratios.

Biosensors prepared from this material

showed a reduction in response time and are suitable for aerobic and anaerobic
glucose amperometric determinations[145].
A bienzymatic glucose biosensor prototype based on PEDOT-PSS, GoD, HRP was
fabricated by a piezoelectric inkjet printer. An aqueous bioelectrical ink containing
PEDOT-PSS, GOD, and HRP was prepared and printed on an ITO coated PET film.
The PEDOT-PSS/GOD/HRP sensor was covered with a cellulose acetate membrane.
The use of bienzymatic sensing combined with conducting polymers via
piezoelectric inkjet printing showed a synergistic effect resulting in significant
amplification of the response signal. The glucose sensor reached steady-state current
density within 3 s, indicating a fast response time, and exhibited a linear dosedependent electrochemical response with high sensitivity. The overall result
demonstrates that a glucose sensor with high sensitivity could be readily fabricated
by a piezoelectric inkjet printing system[161].
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1.5.2

PPy controlled drug release

PPy was also utilized as a platform material for controlled drug release due to both
biocompatibility and ease of synthesis. A drug delivery system based on PPy
coatings on electrodes to modulate the inflammatory implant-host tissue reaction was
reported by Wadhwa et al.[134]. Dexamethasone (Dex) was incorporated in PPy via
electropolymerisation of pyrrole and released in PBS using CV stimulation. 0.5
μg/cm2 Dex was successfully released in 1 CV cycle and a total amount of ~16
μg/cm2 Dex was obtained after 30 CV cycles.

In vitro studies and

immunocytochemistry on murine glial cells suggest that the released drug lowered
the count of reactive astrocytes to the same extent as the added drug.
Our group has reported a neurotrophin delivery system based on electrochemically
polymerized PPy films[146]. Direct incorporation of neurotrophin-3 (NT-3) was
investigated and controlled release was tested under various electrochemical
conditions, including pulsed voltage, pulsed current or cyclic voltammetry. The
loading capacity and amount of NT-3 released from the polymer was determined
using
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I-labelled NT-3. Electrochemical stimulation promoted the release of NT-3

at a greater rate than natural diffusion. NT-3 was released from polypyrrole as an
initial burst in the first 24 h followed by prolonged release over a subsequent 6 days
of sampling (Fig. 1.17). The amount of NT-3 incorporated into the polymer could be
controlled by varying the polymerisation time, with longer growth periods
incorporating more NT-3.
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Figure 0.17 Cumulative NT-3 release from stimulated (pulsed current ±0.5 mA/ cm2
at 5 Hz) and unstimulated PPy-pTS/NT-3 films over 1 week from (A) thin (3.6 μm)
and (B) thick (26 μm) polymer films. The polymer films were grown using a current
density of 2 mA/cm2. The release value represents cumulative amounts of NT-3
release. The error bars represent the standard error [146].
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1.5.3

PPy tissue engineering

Recently, the combination of electroactive conducting polymers and tissue
engineering has attracted wide attention because electrical charges and electrical
fields have been shown to have beneficial healing effects on various tissues,
including bone, cartilage, skin, connective tissue, spinal nerves and peripheral
nerves[147-149].
It was demonstrated that electrical stimulation of PC 12 cells on PPy films promoted
neurite outgrowth[147]. The neurite length of stimulated PC 12 cells(18.14 μm) is
significantly longer than control samples (9.5 μm). Since then, a series of studies
focused on promoting the interaction between cells and PPy platforms was carried
out.
Gomez et al. used electron-beam lithography and electropolymerisation to create 1
and 2 μm wide PPy microchannels as a cell culture substrate.

The controlled

parameters that determined the depth, roughness and morphology of the
microchannels were found to be the e-beam writing current, polymerisation current
and PPy/dopant concentrations. Embryonic hippocampal neurons cultured on
patterned PPy polarize faster on this modified material compared to unmodified PPy.
These topographical features also have an effect on axon orientation but do not have
a significant effect on overall axon length[148].
Lee et al. electrospun poly(lactic-co-glycolic acid) (PLGA) nanofibers and
chemically coated PPy on the outer fiber surface to form electrically conductive
nanofiber structures. Results showed that electrical stimulation of cells cultured on
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aligned fibers resulted in longer neurites and more neurite-bearing cells compared to
cells on randomly arranged fibers[149].
From the examples dissussed aboved, it is important and is also a great challenge to
find a feasible and inexpensive method for the process and fabrication of PPy films
and structures on different substrates from processable forms of the polymer. Inkjet
printing is an easy and fast way for membrane fabrication with many advantages: It
is a non-contact technique, with easy and versatile pattern control and wide choice of
substrate available. Furthermore, inkjet printing is widely used in the fabrication of
electronic devices[33, 113] and bionic fields[150-154]. Structure of project and thesis
The aim of this project is to synthesize and optimize inkjet printable PPy
nanodispersions, from which PPy films and microstructures on a range of substrates
under various printing conditions from these, and finally apply these printed
structures in various fields; including controlled drug release, biosensors and tissue
engineering.
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Synthesis and
optimization of
inkjet printable PPy
nanoformulation

Fabrication and
characterization of
inkjet printed PPy
films on multiple
substrates

Tissue Engineering

Biosensors

Controlled drug
release

Figure 0.18 Summary of research project
As shown in Fig. 1.18, the whole project could be divided into three stages.
Synthesis and optimization of inkjet printable PPy nanoformulations, fabrication of
inkjet printed PPy membranes, and applications of printed PPy structures.
In the first stage, PPy was chemically synthesised using different surfactants that also
acted as dopants, and polyvinylalcohol (PVA) as a steric stabiliser. The effects of
different surfactant and oxidant conditions on particle distribution, surface tension
and conductivity were studied for the development of suitable inks for inkjet printing.
In the second stage, A Dimatix Materials Printer (DMP2800) with low cost, userfillable piezo-based jetting cartridges was used to print PPy films and micropatterns
with optimized nanodispersions on multiple substrates. The resultant films were
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characterized by profilometery, SEM, AFM, UV-vis, and cyclic voltammetry. In
addition, cytocompatability of these platforms was demonstrated using PC12 cells.
These materials were prepared and characterized in keeping with their intended
applications.
Finally, a range of prototype electrochemical devices and microscale polymer
structures were fabricated to identify the most promising applications; including
biosensors, tissue engineering scaffolds and controlled drug release.
According to the design of the whole project, the structure of this thesis will be
divided into three parts.
Part I- General introduction and characterization techniques.
In this part, Chapter 1 gives a general introduction of inkjet printing of conducting
polymers while Chapter 2 provides the details of characterization techniques used in
the thesis.
Part II– Synthesis of PPy nanoformulation and fabrication of inkjet printed
films.
This section mainly deals with the synthesis and optimization of inkjet printable PPy
nanoformulations in aqueous system and the fabrication of printed PPy films from an
optimized PPy nanodispersion.
Chapter 3 describes the optimization of PPy nanodispersions. The feasibility of inkjet
printable formulations, produced from using Gemini acid 6,6‟-(butane-1,4-
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diylbis(oxy)) bis(3-nonylbenzenesulfonic acid) (9BA-4-9BA) as surfactant and a
mixed oxidant constituted by Ferric chloride (FeCl3) and Iron (III) p-toluene
sulfonate (Iron PTS) at a ratio of 4:1, has been assessed.
Chapter 4 discusses the fabrication and characterization of inkjet printed PPy films
on multiple conductive and non-conductive substrates including PVDF, glass slide
and ITO coated glass. High quality multilayer PPy films were obtained successfully by
inkjet printing from PPy nanoformulations. The morphology and structure of these films
observed at different length scales and the low surface roughness values measured (Rrms
=5.61 nm) indicate that these surfaces were uniform and smooth. The number of printed
layers is the key parameter that influenced most of the properties of multilayer films,
including surface morphologies, thickness and conductivity. We have also presented the
results of inital cell culture experiments, which indicated that inkjet printed PPy films are
cytocompatible and therefore suitable for biomedical applications.

Part III– Applications of inkjet printed PPy structures.
The content of this section will focus on the applications of inkjet printed PPy
microstructures and electrochemical devices; including tissue engineering scaffold,
biosensors and controlled drug release platform.
Chapter 5 describes the fabrication of a novel complex electroactive PPy/collagen
scaffold on AryliteTM film for cell patterning and stimulation using inkjet printing. 10
parallel 100 m wide PPy tracks, approximately 1.4 m high, with conductivity of
1.1 S/cm were obtained. Collagen was subsequently deposited directly on to the PPy
surface. In vitro cell studies using a PC12 cell line verified compatibility of the cells
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with the printed structure. More than 90% of the cells adhered to the PPy/collagen
track and created a cell pattern. Electrical stimulation was shown to promote neurite
outgrowth and orientation. Inkjet printing is a convenient route to produce patterned
conducting polymer structures that can promote cellular adhesion and provide a
platform for electrical stimulation.
Chapter 6 discusses the fabrication and characterization of all-printed biosensors.
PPy/enzyme (horseradish peroxidase (HRP)/glucose oxidase (GoD)) mixture was
jetted on screen printed carbon electrode as a sensing electrode. 0.5% ethyl cellulose
(EC) in butanol was also deposited by inkjet printing on top for encapsulation. A
continuous and stable response was obtained in a broad range by the addition of
hydrogen peroxide/glucose. All printed biosensors were fabricated successfully by
inkjet printing.
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2 GENERAL EXPERIMENTAL DETAILS

2.1

Reagents and materials

Reagent name

Source

Pyrrole (Py)

Sigma-Aldrich

Sodium dodecyl sulphate (SDS)

Fluka

Sodium dodecyl benzene sulfonate (SDBS)

Fluka

Ammonium persulfate (APS)

Fluka

Iron(III) chloride (FeCl3)

Fluka

Iron(III) p-toluenesulfonate hexahydrate (FepTS)

Sigma-Aldrich

Polyvinyl alcohol (MWt 31K-50K) (PVA)

Sigma-Aldrich

D-(+)- Glucose

Sigma-Aldrich

Glucose oxidase (Type II, 280 units/mg) (GoD)

Sigma-Aldrich

Horseradish peroxidase (Type VI, 250-330
Units/mg) (HRP)
Hydrogen peroxide, 30%

Sigma-Aldrich
Sigma-Aldrich

Sodium chloride (NaCl)

Fluka

Sodium nitrate (NaNO3)

Fluka

Sodium sulphate anhydrous (Na2SO4)

Fluka

PBS tablet

Sigma-Aldrich

Nonylphenol

Sigma-Aldrich

1,4-dibromobutane

Sigma-Aldrich

Arylite™ film

Ferrania Technologhy
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Reagent name

Company

Sulfuric acid

Ajax Finechem

Diethyl ether

Ajax Finechem

Tetra-n-butylammonium bromide

Sigma-Aldrich

Sodium hydroxide (NaOH)

Fluka

Chlorosulfonic acid

Sigma-Aldrich

Dichloromethane (CH2Cl2)

Ajax Finechem

Petroleum ether

Ajax Finechem

Ethyl cellulose (viscosity 4cP) (EC)

Sigma-Aldrich

Tetrahydrofuran

Ajax Finechem

Acetone

Ajax Finechem

Ethanol

Ajax Finechem

Butanol

Ajax Finechem

Ethylene glycol (EG)

Sigma-Aldrich

Phenol Red (PR)

Sigma-Aldrich

Fetal bovine serum

Thermotrace

Collagen

Purecol

Horse serum

Invitrogen

Nerve growth factor (NGF)

Invitrogen
St Vincent‟s Hospital
(Melbourne)

PC12 cells
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2.2
2.2.1

Synthesis of PPy nanoformulation
Synthesis of Gemini surfactants

2.2.1.1 Gemini

acid

9BA-4-9BA

(6,6‟-(butane-1,4-diylbis(oxy))

bis(3-

nonylbenzenesulfonic acid))
11.8g of 1,4-dibromobutane was added to a mixture of nonylphenol (22 g) with the
phase transfer catalyst tetra-n-butylammonium bromide (2 g) in 100ml 20% (wt%)
NaOH solution at 70ºC with stirring. The reaction system was heated to 90 ºC and
stirred for 5 h. The mixture was extracted using diethyl ether three times at room
temperature and washed using 3% glacial acetic acid and distilled water. The
intermediate product (I) was obtained with a yield of 98% by evaporating the solvent.
A 2.1-fold molar excess of chlorosulfonic acid was dissolved in 30 mL CH2Cl2 and
added into 70 mL of intermediate product (I) in CH2Cl2 solution at 0 ºC dropwise for
1 h with stirring to introduce the sulfate group on the benzene ring. After reaction
for 5 h, the solution was purged with nitrogen for 1 h to remove the evolved
hydrochloric acid and remaining chlorosulfonic acid. Petroleum ether was added to
the reaction solution to give the crude precipitate. Pure sulfonic acid-containing
gemini surfactant was obtained after the crude product was dissolved in
dichloromethane and recrystallized three times from petroleum ether.
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2.2.1.2 Gemini

salt

9B-4-9B

(6,6‟-(butane-1,4-diylbis(oxy))

bis(3-

nonylbenzenesulfonic sodium))
11.8g of 1,4-dibromobutane was added to a mixture of nonylphenol (22 g) with the
phase transfer catalyst tetra-n-butylammonium bromide (2 g) in 100ml 20% (wt%)
NaOH solution at 70ºC with stirring. The reaction system was heated to 90 ºC and
stirred for 5 h. The mixture was extracted using diethyl ether three times at room
temperature and washed using 3% glacial acetic acid and distilled water. The
intermediate product (I) was obtained with a yield of 98% by evaporating the solvent.
A 2.1-fold molar excess of chlorosulfonic acid was dissolved in 30 mL of CH2Cl2
and added into 70mL of intermediate product (I) in CH2Cl2 solution at 0 ºC dropwise
for 1 h with stirring to introduce the sulfate group on the benzene ring. After reaction
for 5 hours, NaOH ethanol solution was used to neutralize the reaction solution to
pH=8, and the solid product (raw sulfonate Gemini surfactant 9B-4-9B) was obtained
then.

The final product was purified by recrystallization twice before use in

anhydrous ethanol (11g).
2.2.2

Polymerisation and purification of PPy nanoformulation

Chemical polymerisation of Py was carried out at 0 °C using different surfactants
and oxidants. 0.1 M pyrrole and 1.2% wt/v PVA (Mw 31k–50k) were mixed
thoroughly with different surfactants with magnetic stirring for 30 minutes in 40 mL
distilled water in an ice-water bath. Oxidants were dissolved in 10 mL water and
added into the pyrrole/PVA/surfactant dispersion at a constant rate of 0.5 mL min_1.
The reaction continued for 24 h and then was stopped.
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As synthesized dispersions were purified by dialyzing against Milli-Q water using a
12 000 Mw cut-off dialysis membrane (Sigma) for 48 h with the water being changed
every 18 h to remove by-products and excess oxidants and surfactants. The final PPy
nanoformulations were characterized directly after dialysis.

2.3

Fabrication of inkjet printed PPy membranes.

PPy structures were printed from inkjet printable PPy nanodispersion by using a
piezoelectric Dimatix Materials Printer (DMP 2800) (Fig 2.1). at room temperature.
The PPy film was printed by filling PPy formulation into a custom designed 10pL
cartridge equipped with a 16 nozzles print head. The whole cartridge was put into the
printer and controlled by Dimatix software to transfer pre-designed patterns onto the
substrate. The formulation was typically printed using a jet voltage of 25.0 V, a
frequency of 5.0 kHz, and a customized wave-form. The PPy films are pure black
films and dried in open air overnight.
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Figure 2.1 Dimatix Materials Printer (DMP) 2800 and its print cartridge
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2.4
2.4.1

Physical characterization
Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) was used for morphological analysis of the
nanostructured materials. In this study, the FE-SEM images were recorded using a
JEOL JSM7500FA cold-field-gun scanning electron microscope (CFG-SEM) (JEOL
Ltd., Japan). Printed PPy structures were placed into the vacuum system directly
without any treatment, as these samples had reasonable conductivity. For biological
samples, such as living cells and tissues, a dehydration treatment is necessary before
the sample can be placed into the vacuum system of the SEM. Stabilization and
preservation of biological samples can be achieved via chemically fixing cells in
3.7% (w/v) paraformaldehyde for 15 mins followed by dehydration using increasing
concentrations of ethanol (30%, 50%, 75%, 90% and 100%) for 30 mins each. In
order to obtain better quality SEM images, the sample surface should be conductive
to avoid electrostatic charge accumulation during the scan. Polymer samples,
especially those samples with adherent cells on the surface, were sputter coated with
an ultrathin layer of platinum to improve the conductivity.
2.4.2

Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a scanning probe microscope technique which
can be used to measure surface topography and surface force interactions. AFM
consists of a microscale cantilever with a sharp tip which can trace the surface of
samples. The deflection of the tip is recorded as the morphology of the surface. AFM
is a useful tool to investigate the three-dimensional ultrafine structure of samples
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with nanometer lateral and sub-angstrom vertical resolution. Normally, AFM
techniques can be classified into two categories: one is based on contact mode (DC
mode) and the other is based on dynamic mode (AC mode).
Atom force microscopy (AFM) of printed multilayer films was performed both in air
and in liquid. Images in air were acquired using a JPK Nanowizard II AFM (JPK
Instruments, Germany) with a 15 N/m cantilever using AC mode at 0.5 Hz scan rate
to study the roughness and 3D structure of dry films, while imaging in liquid was
performed using a Park Systems Bio-Xe AFM (Park Systems, Korea). For AFM
imaging in liquid, samples were fastened to the bottom of a petri dish and immersed
in Phosphate Buffer Solution (PBS). AFM imaging was performed using PNP-DB
cantilevers (~ 0.3 N/m, Nanoworld, Switzerland) in AC mode with a scan rate of 0.5
Hz.
2.4.3

Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) refers to absorption spectroscopy or
reflectance spectroscopy in the ultraviolet-visible spectral region. In this work UVvisible (vis) spectrum was recorded using a Shimadzu UV 1601 spectrophotometer
to monitor the changes of PPy nanodispersion using different oxidants. The
measurements were performed by scanning from the wavelength of 350 nm to 1100
nm. According to literature, peaks around 450 nm correspond to the – * transition
while absorbance at wavelengths greater than 600 nm is assigned to the localized
polaron band indicating oxidized PPy, which indicates the conductivity of materials.
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UV-vis spectrum was also used to detect the release of phenol red from PPy/phenol
red/PPy sandwich structures.
2.4.4

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique which is used to
obtain an infrared spectrum of absorption, emission, photoconductivity or Raman
scattering of a solid, liquid or gas. In this work, a SHIMADZU IRPrestige-21 fourier
transform infrared spectrophotometer was employed to determine FTIR spectra. PPy
powders were filtered from the nanodispersion and dried in a vacuum oven. KBr was
used as a background material here and mixed with PPy before measurements.
According to the literature, the double peaks at 1045 and 1127 cm-1 can be attributed
to =C-O-C vibrations in gemini acid while the peaks between 1250 and 1390 cm-1
may be assigned to C-H bending vibrations in the polymer chain. The bands at 1583
and 1495 cm–1 demonstrate typical polypyrrole ring vibrations (2, 5 substituted
pyrrole) and the IR peak observed at 889 cm–1 may be assigned to the =C–H out of
plane vibration indicating polymerisation of pyrrole.
2.4.5

Dynamic light Scattering

Dynamic light scattering is a technique which can be used to determine the size
distribution profile of small particles in suspension or polymers in solution. This
technique measures the diffusion of particles moving under Brownian motion, and
converts this to size and a size distribution using the Stokes-Einstein relationship.
Non-Invasive Back Scatter technology (NIBS) is incorporated to give the highest
sensitivity simultaneously with the highest dynamic size and concentration range.
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In this work, A Malvern Nano-ZS Zetasizer dynamic light scattering instrument
was used to measure the particle size and distribution of PPy nanodispersions with 8°
angled back scattered light configuration. PPy nanoformulations were characterized
directly after dialysis without dilution or filtration using 12 mm square polystyrene
cuvettes.
2.4.6

Thermogravimetric analysis

The determination of thermal stability of inkjet printed PPy films was carried out by
the thermogravimetric analysis technique on a Q500 TGA analyzer (TA Instruments,
UK). For a typical measurement, a 4 mg sample was weighed for the analysis and
heated in a platinum pan. Samples were heated in 90% air from room termperature to
350 °C at a heating rate of 5 °C/min.
2.4.7

Surface tension and contact angle

Surface tension is one of the most crucial aspects of a printable ink that influences
printability. It should be high enough to hold the ink in the nozzle without dripping,
and low enough to allow droplets to pass through the nozzles. In general, surface
tension ranges from 28 to 350 mN/m for an inkjet printable formulation. Surface
tension can be adjusted by introducing surfactants and low surface tension co-solvent
(ethanol etc) for a specific printing instrument.
Here we utilized a DataPhysics OCA20 goniometer to carry out all the surface
tension measurements. Surface tension was measured under the drop-right mode
using a 1mL syringe filled with PPy ink and a self-designed needle. An 8 L ink
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droplet was dispensed from the syringe and photographed by software for
measurement. A minimum of 5 measurements were made across each sample, with
the total surface tension and standard error of the mean (SEM) reported in the format
f ± SEM. (e.g. 32.3±0.2 mN/m).
Surface wettability of substrates determines the quality of printed structures together
with required ink properties. On hydrophilic materials water droplets spread well to
form uniform films, whereas water droplets gathered to form uncontacted spots on
hydrophobic substrates. Therefore, hydrophobic substrates were pretreated by UVO
(Novascan PSD Pro Series Digital UV Ozone system) or plasma cleaning
(HARRICK) before printing to improve surface wettability and film uniformity.
Contact angle measurement is a simple, rapid and sensitive method used to evaluate
the wettability of solid surfaces. The lower the contact angle of water, the more
hydrophilic the surface is. Contact angle measurements were also carried out using
the DataPhysics OCA20 goniometer. A 2 µL water droplet was dispensed from a
standard syringe and placed onto the substrate surface. The contact angles were
measured after photographing the water droplet. A minimum of 5 measurements
were taken across each sample, with the total contact angle and standard error of the
mean (SEM) reported in the format Ѳ ± SEM. (e.g. 67.6 ± 1.5°).
2.4.8

Rheology

Viscosity is another aspect which is crucial to ink printability. It must be tuned in a
specific range to allow the channel to be refilled in a short time (~100 μs). Generally,
a typical viscosity for an inkjet printable formulation should be lower than 20 mPa s.
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Viscosity in this work was measured by a TA AR-G2 Magnetic Bearing Rheometer
with a cone-plate system. Cone angle was 2 degrees and 36 seconds, cone diameter
40 mm and cone truncation 55 m. Sample volume used was 2 mL for all
measurements. Viscosity of the ink formulations showed a typical “shear thinning”
effect under low shear rates (< 300 s-1) then a balance was established. This balance
viscosity value was recorded and evaluated for printing.
2.4.9

Profilometry

The thickness of printed PPy films showed a linear relationship with the number of
printed layers, and is a control factor for many physical properties; including
conductivity and roughness of the film. All the film thicknesses in this work were
determined by profilometry.
Here we used a Veeco Dektak 150 stylus profilometer and a Veeco Wyko NT 9100
optical profilometer to characterize surface profiles and thickness of inkjet printed
PPy structures. Under stylus measurement, the stylus force adopted was 0.5 N with a
5 mm scan range. Linear roughness can also be obtained from this measurement.
Under optical measurement, VSI mode was employed to detect thickness, roughness
and three dimensional morphologies of the film surface.
2.4.10 Conductivity measurement
The conductivity of polymer films was measured using a Jandel conductivity meter)
equipped with a linear four-point conductivity probe (Jandel Engineering Ltd, UK).
A constant current was applied between the outer probes and the voltage drop across
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the two inner probes was recorded. The electrical resistivity can be calculated
according to Ohm‟s Law:

Where ρ is the electrical resistivity of the sample, K is a geometric factor that
depends on the electrode configuration, V is the potential drop across the two inner
electrodes, I is the current applied and t is the thickness of the film (in cm). In the
case of linear probes, K = 4.5324. The conductivity of the sample is given as σ=1/ρ
in units of S/cm. The conductivity of conducting polymers is typically in the range of
1 - 103 S/cm.

2.5
2.5.1

Electrochemical characterisation
Cyclic Voltammetry

Cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement
technique which can conveniently and reliably elucidate the nature of
electrochemical redox processes. This measurement was carried out in a threeelectrode cell consisting a reference electrode, working electrode and counter
electrode. During the measurement, the potential of the working electrode is scanned
from a given initial value to a final value and back to the initial value at a fixed scan
rate. The potential is applied between the reference electrode and the working
electrode and scanned from a given initial value to a final value and then back to the
initial value at a fixed scan rate. The current between the working electrode and the
counter electrode is recorded and plotted versus the applied voltage to give the cyclic
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voltammogram. This technique can be used to investigate the electrochemical
behaviour of electroactive conducting polymers.
In this work inkjet printed PPy structures served as working electrodes that were
tested in a cell together with a platinum mesh counter electrode and Ag/AgCl
reference electrode. Cyclic voltammograms were recorded using an eDAQ system
(eDAQ Pty Ltd, Australia) to characterise the electroactivity and charge storage of
cast and inkjet printed PPy films. It was also used as a technique to characterize the
concentration of redox active species in solution when inkjet printed PPy electrodes
were operating as biosensors.
2.5.2

DC amperometry

DC amperometry involves the application of a constant potential whilst
simultaneously monitoring the current. According to Faraday‟s law: Q = nFN, where
n is the number of electrons involved in the reaction, F is the Faraday constant (9.65
x 104) and N is the number of moles. The instantaneous current I is given by I =
dQ/dt. Therefore, current can also be calculated using the equation I = nFdN/Dt,
where dN/dt is a term for the oxidation or reduction rate of the redox active species
at the working electrode.
The principle of amperometry is based on the measurement of this current between
the working and counter electrode which is induced by a redox reaction at the
working electrode. The conditions are chosen in such a way that the current is
directly proportional to the concentration of a redox active species in the analyte
solution. The electrical potential of the working electrode versus the measured
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solution is achieved by a separate reference electrode and is controlled by a
potentiostat.
In this work, A CHI 900b Scanning Electrochemical Microscope was used to
measure the amperometric response of printed biosensors to hydrogen peroxide and
glucose. This measurement was carried out versus a Ag/AgCl reference electrode in
0.1 M PBS solution with a constant potential of – 0.2 V applied to the working
electrode. The relationship between current response and hydrogen peroxide/ glucose
concentration has been studied.

2.6
2.6.1

Cell experiments
Routine cell culture

Rat pheochromocytoma cell line (PC12) can differentiate into sympathetic neurons
on exposure to NGF and generate large numbers of well extended neurites, and is
often used as a model system for nerve cell differentiation. Therefore, PC12 cells
were used to investigate the cytocompatibility of printed PPy films and the effects of
electrical stimulation on nerve cell differentiation on inkjet printed PPy lines in this
work.
Inkjet printed PPy structures were immersed in 70 % ethanol for 5 min, followed by
drying under sterile conditions. PC 12 cells were seeded into a custom made
Plexiglas cell culture chamber slide and cultured in proliferation media (DMEM with
2 mM glutamine, 5 % FBS and 10 % horse serum) for 24 h to permit attachment and
spreading. The media was then changed to differentiation media (DMEM containing
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2 mM glutamine, 1 % horse serum and 50 ng/mL NGF) to induce differentiation, and
was changed every 48 h for a total of 6 days. Cells were cultured in a humidified
incubator at 37 °C with a 5 % CO2 atmosphere.
2.6.2

Cell number assessment

PC12 cells were cultured in proliferation medium (DMEM supplemented with 10%
horse serum and 5% FBS) in a humid incubator at 37 oC and 5% CO2. PC12 cells
were seeded at a density of 2 x 104 cells/cm2, with the medium changed every 2 days.
The numbers of adherent cells on the substrates at day 3, day 6 and day 9 were
quantified using a Quant-iTTM PicoGreen dsDNA Assay Kit (Invitrogen, Australia).
2.6.3

Fluorescence labelling and microscopy

For the differentiation and cytocompatibility expriment, PC 12 cells were fixed in
3.7 % paraformaldehyde at room temperature for 10 mins, followed by
permeabilisation with methanol:acetone (50:50) on ice for 15 mins, and washed with
PBS twice. The cells were then blocked in 10% donkey serum with 0.1% w/v
Tween-20 in PBS at RT for 1 h, incubated with mouse anti-β III tubulin (Convance,
Australia) in 10% donkey serum with 0.1% w/v Tween-20 in PBS at 4 oC overnight,
and Alexafluo 546 anti-mouse secondary antibody (Invitrogen, Australia) at 37 oC
for 1 h. The nuclei were counterstained with 4'-6-diamidino-2-phenylindole (DAPI)
(Invitrogen, Australia) for 5 mins at RT. Images were acquired using a ZEISS Axio
Imager microscope (Carl Zeiss, Germany).
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For electrical stimulation of PC 12 cells on printed PPy lines, cells were fixed in 3.7
% paraformaldehyde for 10 mins at room temperature and permeabilised using icecold acetone for 5 min, followed by washing with PBS. F-actin filaments in the cells
were labelled using 0.2 μM Alexa Fluor 488 phalloidin for 20 mins at room
temperature and washed with PBS. The nuclei were stained in 1 µg/ml DAPI for 5
min followed by washing with PBS twice. Images were obtained using a ZEISS
microscope.
2.6.4

Electrical stimulation

The electrical signals were supplied by an AccuPulser electrical stimulator (World
Precision Instruments, FL, USA). The configuration of the electrical stimulation setup is shown in Fig. 2.2 (a). Cultured PC12 cells were subjected to a charge-balanced
biphasic pulsed current (250 Hz) (Fig. 2. 2 (b)) for 2h after exposure to
differentiation medium.

(b)

(a)

Figure 2.2 (a) Schematic of PPy scaffolds for PC12 cell electrical stimulation; (b)
250 Hz electrical stimulation signal
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Chapter 3 Optimization
of inkjet printable
polypyrrole
nanodispersions

This chapter presents work that has apperared in the published article
“ Gemini Surfactant doped polypyrrole nanodispersions: an inkjet
printable formulation” by Bo Weng, Roderick Shepherd, Jun Chen and
Gordon G. Wallace on Journal of Materials Chemistry, 2011, 21,
1918-1924.
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3 OPTIMIZATION OF INKJET PRINTABLE POLYPYRROLE
NANODISPERSIONS

3.1

Introduction

Polypyrrole (PPy) is a conductive polymer with relatively high conductivity and
good environmental stability. Recently, a broad range of applications including
organic electrodes in capacitors[1], sensors[2-3], actuators[4-5] and tissue
engineering[6-7] have been developed from PPy. However, all these attractive
applications have been limited by the poor processability of PPy, as it is generally
known to be insoluble and infusible[8].
PPy can be polymerised chemically[9-10] or electrochemically[11-12] from Py
monomer. Electrochemical polymerisation can afford highly conductive PPy films
easily and quickly, but it is difficult to take the reaction system beyond the laboratory
scale. Also, PPy films can only be deposited onto conductive substrates. In addition,
it is hard to fabricate PPy films with designed patterns by electrochemical methods.
Chemically synthesized PPy is not as highly conductive as the electrochemically
prepared material, but chemical methods are more amenable to larger scale
production as the polymer can be dissolved/dispersed in suitable solvents and
processed by multiple techniques (wet-spinning, spin coating, printing etc). Also the
physical properties of chemically prepared PPy, including conductivity, particle size
and morphology[13-14], can be controlled by optimizing the synthesis conditions.
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Inkjet printing is a non-contact method to fabricate patterned microstructures on a
wide range of substrates, conductive or non-conductive. This decreases the
possibility of causing damage or contamination to the substrate surface or the printed
patterns. Recently, inkjet printing of conducting polymers such as PANi[15-17] and
PEDOT[18-20], has attracted considerable attention due to the low fabrication costs
and rapid production times required to form thin films and microstrutures with a
resolution of 100 m or better[21]. However, the inkjet printable PPy formulation
has not been studied yet. Meanwhile, as an important platform material often used in
tissue engineering[6, 22], great efforts have been made to develop biocompatible PPy
to create various structures, including patterned PPy microchannels[23] and PPy
coated PLGA nanofibers[24], which promote the interaction between cells and PPy
films. Inkjet printing is an ideal method for constructing microstructures for tissue
engineering, however, PPy is difficult to disperse and process into stable printable
formulations. Therefore, the development of an inkjet printable PPy formulation is
scientifically attractive to enable printing of PPy onto a broad range of substrates and
create intricate micropatterns and even 3D structures for many attractive biology
applications, such as nerve regeneration and biosensors.
Ink properties are the most important factors of printable formulations that
significantly influence the ink printability and printing quality [25]. In general,
particle size and distribution together with surface tension and viscosity are the most
important properties for printable inks as they are crucial aspects that determine the
drop generation[26]. The average particle size should be small enough to ensure that
the particles can pass through the nozzles of the printhead without nozzle clogging.
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The surface tension of the ink should be high enough to hold the ink in the nozzle
without dripping and the viscosity should be low enough to allow the channel to be
refilled in 100 µs [27-28]. Generally, typical viscosities for inkjet printable ink range
from 0.5 mPa.s to 40 mPa.s, while some printers can be designed to handle liquids
with viscosity of up to 100 mPa.s. Surface tensions of most printable formulations
range from 28 to 350 mN/m whereas the particle sizes are recommended to be lower
than 1/100 of nozzle size for specific printers. Ink properties should be tuned to
match the performance of the specific printer used. With the printing system used for
this work (Dimatix Materials Printer 2800), the recommended maximum particle size
is 200 nm, the surface tension of the fluid should be around 28-33 mN/m at jetting
temperature, and the ideal viscosity range is 12-14 mPa.s [29]. The ultimate goal of
this work is to optimize the PPy nanoformulation polymerisation system (chemical
oxidation) to fulfil all these requirements while keeping the conductivity of the
material at a reasonable level.
In this chapter, a facile synthetic route for producing inkjet printable PPy
nanoformulations is described and the fabrication of high quality printed films and
patterns from these formulations is demonstrated. For the first time, synthesis of an
inkjet printable PPy formulation was reported by our group, and the conductivity of
this material is much higher (>1S/cm) than other inkjet printable conducting polymer
nanoformulations (PAni) previously reported (0.03 S/cm) [15]. Printable PPy
nanodispersions formed in the presence of novel gemini surfactant exhibit relatively
high conductivity and stability. This is achieved via careful control of particle size,
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size distribution, viscosity and surface tension to ensure that the requirements for
inkjet printing systems are met.

3.2
3.2.1

Experimental
Polymerisation and purification

Chemical polymerisation of Py was carried out at 0 °C using different surfactants
and oxidants conditions. 0.1 M pyrrole (0.136 g) and 1.2 % PVA (MWt 31K50K) )(0.24 g) were mixed thoroughly in 15mL distilled water with SDS, SDBS or
Gemini surfactant under magnetic stirring for 60 minutes under an ice-water bath.
Oxidants including FeCl3, FepTS, and the mixture of both were dissolved in 10 mL
water and added into the previously mixed pyrrole/PVA/surfactant drop by drop at a
constant rate 0.5 mL/min. The concentration of the surfactants and oxidants was
varied in order to optimize the conductivity and ink properties of PPy formulation
and will be discussed. The reaction continued for 24 h and then was stopped. As
synthesized dispersions were purified by dialyzing against Milli-Q water using a
12,000 Mw cut-off dialysis membrane (Sigma) for 48 hr with the water being
changed every 18 hr to remove by-products and excessive oxidants and surfactants.
PPy nanoformulations were characterized directly after dialysis.
3.2.2

Physical characterization

The particle size was determined using a dynamic light scattering (DLS) instrument
(Nano-ZS Zetasizer, Malvern Instruments) with 8° angled back scattered light
configuration. PPy nanoformulations were characterized directly after dialysis
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without dilution or filteration using 12 mm square polystyrene cuvettes. The UVvisible spectrum of the PPy nanodispersion was recorded using a Shimadzu UV-1601
UV-visible spectrophotometer. FTIR spectrum was determined by a SHIMADZU
IRPrestige-21 fourier transform infrared spectrophotometer. Surface tension was
measured using a contact angle system (OCA20, DataPhysics Instruments GmbH)
and viscosity values of nanoformulations were characterised by a TA AR-G2
Magnetic Bearing Rheometer. Conductivity measurements were performed on cast
and printed films of the dried nanodispersion using the four-point probe conductivity
meter (Jandel). Morphologies of printed patterns were obtained by Leica microscopy.
3.2.3

Electrochemical characterization

The cyclic voltammograms (CV) and capacitance were characterized using an eDAQ
system (eDAQ Pty Ltd, Australia). The capacitance was measured together with
cyclic voltammograms (CV) and calculated by the area that is inside the CV curve
and the weight of the deposited polymers. Inkjet printed and cast PPy films served as
working electrodes with a platinum mesh counter electrode and Ag/AgCl reference
electrode. Cyclic voltammograms were recorded in 10mL 0.1 M NaNO3 solution.
The capacitance was measured together with cyclic voltammograms (CV) and
calculated by the area that is inside the CV curve and the weight of the deposited
polymers.
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3.2.4

Stability characterization

The long term stability of synthesized PPy formulations was characterized by
comparing the dispersing ability of the particles as well as particle size and
distribution of PPy inks freshly prepared and the inks which were stored for 6
months at room temperature on the shelf.
3.2.5

Printing PPy lines and films

PPy lines and films were printed by using a piezoelectric Dimatix Materials Printer
(DMP2800), equipped with a 10 pL cartridge (DMCLCP-11610) at room
temperature. The formulation was typically printed at 25.0 V, a frequency of 5.0 kHz,
and a customized wave form. 1 nozzle of 16 was employed to print single lines and 6
continuous nozzles were employed in the fabrication of films.

3.3
3.3.1

Results and Discussion
Synthesis of PPy nanodispersions

The aim of this work was to optimize the chemically synthesized PPy formulations to
fulfil the requirements of the printing system while keeping the conductivity of the
materials as high as possible. A series of experiments were designed to achieve this
goal. The polymerisation conditions which can influence ink properties and materials
conductivity, including the nature and concentrations of oxidants, were investigated
and discussed. The concentration of pyrrole monomer and PVA used in all the works
was set to be 0.1 M and 1.2 wt/v% according to the previous unpublished work by
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Orawan Ngaman in our group. Pyrrole concentration beyond 0.1 M led to a sharp
increase in the size of the particles. When the nanodispersion synthesized from 0.05
M and 0.1 M pyrrole, most of particles (> 95%) are smaller than 600nm.When
pyrrole concentration was raised to 0.2 M, only 54% of the particles locate in the
same range. PVA concentration beyond 1.2 wt/v% sharply reduced conductivity
measured from cast film as PVA could not be completely removed from the
formulation and would hinder the connectivity of PPy particles. When a lower PVA
concentration was used, its function as micelle stabilizer could not be realized and
particles aggregation happened during polymerization. In this work, four surfactants,
SDS, SDBS, Gemini salt 9B-4-9B and Gemini acid 9BA-4-9BA were adopted to
modify the particle size and distribution. Different types and concentration of
oxidants including FeCl3 and FepTS were utilized to enhance PPy conductivity
performance. Meanwhile, the influences of these polymerisation factors on ink
properties (surface tension, viscosity) and printing ability were also explored.
3.3.2

Different surfactants

3.3.2.1 Experimental design
Three different surfactants, SDS, SDBS, and gemini salt (GS) 9B-4-9B (Fig. 3.1(b))
were used in this section to produce PPy dispersions with 0.1 M FeCl3 as oxidant and
using PVA as stabiliser. The reaction parameters are shown in Table 3.1. The
surfactants anions and Cl- coexsit as co-dopants [32]. The concentration of GS
relative to SDS and SDBS was reduced by 50% as it contains two hydrocarbon
chains and two hydrophilic head groups covalently connected by a spacer chain, or
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near the hydrophilic head groups [33-35]. The concentration surfactants used in all
the works was set to be 0.0125 M (SDS, SDBS) and 0.00625 M (GA, GS) according
to the previous unpublished work by Orawan Ngaman in our group. Orawan has
done a series of work on SDS and SDBS trying to reduce the concentration of
surfactants and finally found 0.0125 M is the lowest concentration that could limit
the average particle size below 200 nm, which is the recommended particle size of
the Dimatix printer. However, there still were numerous of large particles in the
formulation as the maximum sizes of the particles were beyond 600 nm. Thus this
part of work was not published as it is still not printable and the conductivity is very
low. Increased concentration of surfactant did not show much influence on the
particle size and it may be due to the critical value has been reached.
Table 3.1 Polymerisation conditions of PPy formulations with different surfactants
Surfactant Oxidant Concentration Concentration Concentration Concentration
of
of oxidant(M) of pyrrole(M)
of
surfactant(M)
PVA(wt/v%)
SDS

FeCl3

0.0125

0.1

0.1

1.2

SDBS

FeCl3

0.0125

0.1

0.1

1.2

GS

FeCl3

0.00625

0.1

0.1

1.2
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Figure 3.1 Chemical structures of gemini surfactants: (a) gemini acid (GA) 9BA-49BA and (b) gemini salt (GS) 9B-4-BA.

3.3.2.2 Particle size and distribution
The particle size and distribution of PPy nanoformulations was greatly influenced by
the type of surfactant used. The effect of type and concentration of surfactant used on
particle size and distribution was characterized by dynamic light scattering (DLS)
and the results are shown in Fig 3.2 and Table 3.2.

Figure 3.2 Particle size distribution by volume of PPy nanoformulations with
different surfactants: (a) SDS, (b) SDBS, (c) GS with 0.1 M FeCl3 as oxidant.
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Table 3.2 Particle sizes of PPy dispersions synthesized with different surfactants and
0.1 M FeCl3.
Surfactant

Concentration of
surfactant (M)

Average particle
size (nm)

Maximum particle
size (nm)

SDS

0.0125

239 ± 1

714 ± 1

0.0125

187 ± 1

615 ± 1

0.00625

142 ± 1

255 ± 1

SDBS
GS

The use of GS caused a sharp decrease in both the average and maximum particle
size when compared to both SDS and SDBS (Table 3.2). The average particle size of
the dispersion obtained in the presence of SDS (PPy-SDS) was 239 ± 1 nm but only
142 ± 1 nm for the formulation with GS (PPy-GS). This size reduction is due to GS
having both significantly lower critical micelle concentration (CMC) and greatly
increased surface activity than SDS and SDBS (Table 3.3) [36]. These unique
properties assisted in the production of stable inkjet printable PPy by helping to form
smaller pyrrole containing micelles in the dispersion before chemical oxidation, and
stabilizing the formulation during oxidation to prevent the PPy particles aggregating
together to form large particles. The particle size distribution obtained using each of
the surfactants was determined (Fig. 3.2) and there was a striking improvement
observed for PPy-GS with over 90 % of particles having a diameter < 200 nm
(recommended maximum particle size for the Dimatix inkjet system)(Fig. 3.2 (c)).
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Table 3.3 Surface properties of the gemini salt (GS) 9B-4-9B in comparison with
other conventional surfactants [36]
Surfactant

CMC (mmol/L)

γCMC (m N/m)

C20 (mmol/L)

SDS

8.2

39.2

3.1

SDBS

1.6

32.5

1.8

GS

0.22

31.5

0.016

GA

0.65

32.8

0.018

*CMC: critical micelle concentration; γCMC: surface tension at the CMC; C20: the
bulk surfactant concentration required to reduce the surface tension of the water by
20 mN/m.
3.3.2.3 Long term dispersing stability
The influence of surfactants on long term stability of PPy formulation was also
studied. The results illustrated that the presence of GS also increased the long term
stability of the dispersions. The three formulations were left standing at room
temperature for 6 months and significant aggregation was observed for both PPySDS and PPy-SDBS while PPy-GS showed no sign of agglomeration or precipitation
(Fig. 3.3). The particle size distribution of PPy-GS was characterized again 6 months
later (Fig. 3.4 (b)), and DLS result agreed well with the original result (Fig. 3. 4 (a)).
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Figure 3.3 Images of PPy nanoformulations immediately after dialysis, and after 6
months.

Figure 3.4 Particle size distribution by volume of PPy nanoformulations with
different surfactants: (a) GS freshly prepared and (b) GS 6 months later.
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3.3.2.4 Conductivity
The conductivities of these three synthesized PPy formulations were obtained from
cast PPy film. 0.25 mL formulation was drop cast on glass slide and left at room
temperature to dry overnight. The bulk resistivities were measured by use of a fourpoint probe conductivity meter while the thicknesses of the films were determined by
using a stylus profilometer. The size and thickness of the films were around 2 cm2
and 10 μm respectively. The values of the conductivities of PPy-SDS, PPy-SDBS
and PPy-GS were quite similar and all very low (~ 0.005 S/cm) (Table 3.4), which
indicated that the type of surfactants was not the controlling factor that determined
the conductivity of materials; where the concentrations of the dispersions used were
of the same order.
Table 3.4 Conductivity and concentration of PPy dispersions synthesized with
different surfactants and 0.1 M FeCl3
Surfactant

Conductivity(S/cm)

PPy particle
concentration(wt/v%)

SDS

0.0057

1.33

SDBS

0.0055

1.43

GS

0.0046

1.35

3.3.2.5 Viscosity and surface tension
The type of surfactants used in this work had little influence on viscosity and surface
tension obtained.The surface tension and viscosity of the three PPy dispersions were
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similar, ranging from 42 and 48 mN/m and 40 and 47 mPa.s respectively (Table 3.5),
which indicates that the rheology of nanodispersions formed by this method was not
surfactant dependent. While both parameters of all dispersions were outside the
recommended range for the Dimatix inkjet system, an initial assessment of
printability was carried out to determine the influence of particle size and stability.
Table 3.5 Viscosity and surface tension of PPy dispersions synthesized with
different surfactants and 0.1 M FeCl3
Surfactant

SDS

SDBS

GS

Viscosity (mPa.s)

42.4 ± 0.5

47.5 ± 0.5

44.1 ± 0.5

Surface tension (mN/m)

43.8 ± 0.5

40.7 ± 0.5

46.9 ± 0.5

3.3.2.6 Printability and printing quality
All three dispersions were successfully printed using the DMP 2800, but only PPyGS jetted reliably over extended periods without nozzle clogging to form
multilayered microstructures. The typical printed dot size for the 10 pL printhead
used is 40 m. Then according to previous studies[37-38], a 30 m drop space was
selected to obtain a stable liquid bead with smooth parallel sides.

Microscopy

images of printed PPy-GS traces on glass show that well resolved multilayer (Fig.
3.5 (a)) continuous 70 μm wide lines were consistent, PPy dispersions synthesized
with SDS and SDBS were more difficult to print due to the presence of large
particles which aggregate and block the nozzles. When printing a single line with
PPy-SDS on glass, obvious small particles in the printed features could be observed,
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suggesting that aggregation occurred at some stage during printing. Attempts to print
multilayered lines of PPy/SDS failed as a result of poor drop placement repeatability
(Fig. 3.5 (b)), most likely due to stray jetting caused by agglomeration of particles at
the nozzles. The average roughness obtained by profilometery over a 50 μm area was
36.6 nm for PPy-GS and 79.8 nm for PPy-SDS, indicating that the surface of the
PPy-GS line was much smoother. The average thicknesses of these two lines are
quite similar (Table 3.6) as the amount of pyrrole used for polymerisation was the
same. Printing of the PPy-SDBS dispersion which has a similar particle distribution
to PPy-SDS also failed for the same reason. These results clearly show the advantage
of using GS in the synthesis of printable conductive PPy dispersions, and highlight
the importance of particle size and dispersing stability.
Table 3.6 Roughness and thickness of printed tracks from PPy dispersions
synthesized with different surfactants and 0.1 M FeCl3
Surfactant

SDS

SDBS

GS

Roughness (nm)

79.8

74.6

36.6

Thickness (μm)

0.23

0.22

0.21
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Figure 3.5 Microscopy images of printed traces of polypyrrole nanoformulations: (a)
5 layers PPy-GS lines, (b) 5 layers PPy-SDS lines.
3.3.3

Oxidant concentration

3.3.3.1 Experimental design
The study on surfactants demonstrated the advantage of GS on decreasing the
particle size and distribution as well as improving the printing ability. However, the
conductivities of all three materials were still very low. Low conductivity will
seriously limit applications of this material, thus a series of methods including
increasing doping degree and oxidation concentration were explored to improve the
conductivity of nanodispersions produced. Neither surface tension nor viscosity were
carefully controlled during this optimisation as our approach was firstly to develop a
generic PPy ink with the highest possible conductivity and secondly to tune the final
rheological properties by adding a suitable co-solvent. This ensures that an optimal
general case ink is formulated that can be finely tuned for a specific printer, rather
than optimising all ink properties for only one system.
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A previously published study [39-40] of pyrrole polymerisation with FeCl3 in water
revealed that the Fe3+ concentration determined PPy conductivity. The rate of
formation of conductive PPy is proportional to the square of Fe3+ concentration while
the over-oxidation rate (leading to the formation of non-conductive PPy) is directly
proportional to this concentration. Hence higher Fe3+ concentrations will form more
conductive PPy and give better PPy conductivities. Thus the effect of oxidant
concentration on conductivity was studied using GS as surfactant and co-dopant
(Table 3.7).
Table 3.7 Polymerisation conditions of PPy formulations using different oxidant
concentrations and GS as surfactant
Surfactant Concentration Oxidant Concentration Concentration Concentration
of
of oxidant(M) of pyrrole(M)
of
surfactant(M)
PVA(wt/v%)
GS

0.00625

FeCl3

0.1

0.1

1.2

GS

0.00625

FeCl3

0.5

0.1

1.2

GS

0.00625

FeCl3

2.0

0.1

1.2

3.3.3.2 Conductivity
The conductivities and concentrations of PPy formulation with different oxidant
concentrations were also investigated from drop cast films. The results illustrated
that the conductivity of materials increased significantly with oxidant concentration,
together with dispersion concentration (Table 3.8), which confirmed the assumption
that higher Fe3+ concentrations resulted in more conductive PPy. When Fe3+
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concentrations were increased from 0.1 M to 2.0 M, an increase in conductivity from
0.0046 to 0.0705 S/cm was observed. The increase of dispersion concentration from
1.35% to 1.89% may be due to the increase in polymerisation degree or doping
degree which were proportional to oxidant concentration. The increased oxidant
concentration led to an increased oxidation level within the PPy structure, which
contribute to the enhanced conductivity. Previous study of pyrrole polymerization
with FeCl3 in water revealed that the Fe3+ concentration determined PPy
conductivity. The rate of formation of conductive PPy is proportional to the square of
Fe3+ concentration while the overoxidation rate (leading to the formation of
nonconductive PPy) is directly proportional to this concentration. Hence higher Fe3+
concentrations will form more conductive PPy and give better PPy conductivities
Table 3.8 Conductivity and concentration of PPy dispersions using different oxidant
concentrations and GS as surfactant.
Concentration of
oxidant (M)

Conductivity (S/cm)

PPy particle concentration
(wt/v%)

0.1

4.60 ± 0.05 x 10-3

1.35

0.5

4.48 ± 0.05 x 10-2

1.56

2.0

7.05 ± 0.05 x 10-2

1.89
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Figure 3.6 Relationship between concentration of FeCl3 and materials conductivity

3.3.3.3 Particle size and distribution
The particle size and distribution of PPy nanoformulations was also significantly
influenced by the type of surfactant used. The effect of concentration of oxidant used
on particle size and distribution was characterized by dynamic light scattering (DLS)
and the results are shown in Table 3.9.
The increased Fe3+ concentration caused a sharp increase in both the average and
maximum particle size (Table 3.9). The maximum particle size of the dispersion
obtained with 0.1 M FeCl3 was only 255 ± 1 nm but dramatically increased to 1718 ±
1 nm when the Fe3+ concentration was 2.0. This size increase is supposedly due to
the higher concentration of oxidant leading to a faster polymerization rate. The PPy
polymer chains grew too fast since initialled to break micelles formed before
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oxidation. Large particles gathered to form a PPy precipitation. Although high
concentrations of oxidant enhanced the conductivity of materials, the generation of
oversized PPy particles made the obtained dispersion unsuitable for inkjet printing.
In addition, the excessive oxidant was difficult to remove by dialysis when a high
concentration of Fe3+ was used.
Table 3.9 Particle size and distribution of PPy dispersions using different oxidant
concentrations and GS as surfactant.
Concentration of
oxidant (M)

Min size (nm)

Max size (nm)

Average size (nm)

0.1

79 ± 1

255 ± 1

142 ± 1

0.5

68 ± 1

531 ± 1

180 ± 1

2.0

38 ± 1

1718 ± 1

251 ± 1

3.3.3.4 Viscosity and surface tension
The concentration of oxidant did not show as much influence on surface tension as
did the surfactant. The surface tension of three PPy dispersions were similar, ranging
from 42.3 ± 0.5 to 49.8 ± 0.5 mN/m (Table 3.10), when the concentration of FeCl3
was varied between 0.1 M and 2.0 M. Although the concentration of oxidant is not
the factor that determined surface tension in this system, the rheology of
nanodispersions synthesized in this section was found to be oxidant concentration
dependent. Viscosity raised from 46.9 ± 0.5 to 86.4 ± 0.5 mPa. S when the Fe3+
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concentration was increased from 0.1M to 2.0M. This tendency agreed well with the
change in particle sizes, indicating that large particles caused the increase in viscosity.
Table 3.10 Surface tension and viscosity of PPy dispersions using different oxidant
concentrations and GS as surfactant.
Concentration of oxidant
(M)

Surface tension (mN/m)

Viscosity (mPa. S)

0.1

44.8 ± 0.5

46.9 ± 0.5

0.5

49.8 ± 0.5

73.5 ± 0.5

2.0

42.3 ± 0.5

86.4 ± 0.5

3.3.4

Oxidant type

3.3.4.1 Experiment design
The low conductivity of the materials was also possibly due to a low degree of
doping, which could be caused by low concentrations of surfactant and oxidant/codopant system, and also due to the fact that the Cl- co-dopant does not produce
highly conductive PPy [32]. By increasing the concentration of surfactant/co-dopant,
conductivity can be enhanced by improving the degree of doping. However, the
presence of excessive surfactant is difficult to remove by dialysis, and could
ultimately reduce the conductivity and quality of printed structures, and hence is
undesirable for a printable material. Therefore in an attempt to improve the
conductivity of printable PPy nanodispersions, the influence of type and
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concentration of oxidant/co-dopant was evaluated while the concentration of
surfactant was kept constant (ratio of pyrrole monomer to GS was 1: 0.0625). Both
FeCl3 and FepTS oxidants at different concentrations were used in the presence of
GS (Table 3.11). The use of FepTS oxidant (0.1 M) was expected to give rise to a
higher degree of doping due to the presence of the pTS- group which is a commonly
used dopant for the polymerization of highly conductive PPy films[43].
Table 3.11 Polymerisation conditions of PPy formulations with different types of
oxidants.
Surfactant

Oxidant

Concentration of
surfactant (M)

Concentration of
oxidant (M)

Concentration of
PVA (wt/v%)

GS

FeCl3

0.00625

0.1

1.2

GS

FepTS

0.00625

0.1

1.2

GS

FepTS

0.00625

0.5

1.2

GS

Mixed
oxidant

0.00625

0.1MFepTS+0.4
M FeCl3

1.2

3.3.4.2 Conductivity
The resulting conductivity (cast film) using 0.1M FepTS was only slightly higher
(0.0063 S/cm) than using 0.1M FeCl3 (0.0046 S/cm). This indicates that conductivity
of PPy nanodispersions was not simply affected by the nature of the oxidant anion,
but also determined by the oxidant concentration[39-40]. To improve the degree of
doping whilst maintaining higher Fe3+ concentration, 0.5 M FepTS was used but this
led to a dramatic increase in viscosity and a gel-like PPy-GS product formed which
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could not be cast and would certainly not be suitable for printing. The conductivity
increased for 10 times incomparison with 0.5 M FeCl3, indicating that the increasing
doping level resulted in higher conductivity. An increase in both surface tension and
viscosity was noted previously when using 0.1 M FepTS rather than 0.1 M FeCl 3
(Table 3.12), and in the case of 0.5 M FepTS significant particle aggregation
probably occurred during polymerization as a consequence of very high surface
tension. To avoid these problems but maintain a high concentration of Fe3+ and make
use of the higher doping levels obtained with pTS-, a mixed oxidant comprising 0.1
M FepTS and 0.4 M FeCl3 was used. A dramatic conductivity increase to 0.502 S/cm
(cast film) was obtained for PPy-GS produced when using this mixed oxidant at a
Fe3+concentration of 0.5 M. The conductivity was nearly 2 orders of magnitude
higher than nanodispersions formed with 0.1 M FepTS or FeCl3.
Table 3.12 Conductivity and concentration of PPy formulations with different types
of oxidants.
Oxidant

Conductivity(S/cm)

PPy particle
concentration(wt/v%)

0.1M FeCl3

4.60 ± 0.05 x 10-3

1.35

0.1M FepTS

6.30 ± 0.05 x 10-3

1.18

0.5 M FeCl3

4.48 ± 0.05 x 10-2

1.56

Mixed oxidant

0.502 ± 0.005

1.59

105

3.3.4.3 Particle size and distribution
The type of oxidant/dopant anion is not the controlling parameter that influences the
particle size and distribution of PPy formulations. There is a slight decrease on
average particle size when using 0.1 M FepTS compared to using 0.1M FeCl3.
Oxidant concentration showed its influence even with different oxidant types. Table
3.13 shows that the average particle size (184 ± 1 nm) of PPy dispersion oxidized by
mixed oxidant (0.1M FeCl3 + 0.4M FepTS) is more or less the same as the dispersion
oxidized by 0.5M FeCl3 (186 ± 1 nm).
Table 3.13 Particle size and distribution of PPy formulations with different types of
oxidants.
Oxidant

Min size (nm)

Max size(nm)

Average size(nm)

0.1M FeCl3

79 ± 1

255 ± 1

142 ± 1

0.1M FepTS

55 ± 1

186 ± 1

97 ± 1

Mixed oxidant

68 ± 1

531 ± 1

184 ± 1

3.3.4.4 Viscosity and surface tension
The use of mixed oxidant increased both surface tension and viscosity (Table 3.14),
but the resulting formulation was still a stable fluid. The changes in rheology
associated with the use of the mixed oxidant system are due to a combination of
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oxidant and concentration effects, and gave rise to quite high surface tension (64.2
mN/m) and viscosity (88.4 mPa.s) values observed for PPy-GS.
Table 3.14 Viscosity and surface tension of PPy formulations with different types of
oxidant
Oxidant

Surface tension (mN/m)

Viscosity (mPa. S)

0.1M FeCl3

44.1 ± 0.5

46.9 ± 0.5

0.1MFepTS

53.3 ± 0.5

68.1 ± 0.5

Mixed oxidant

64.2 ± 0.5

88.4 ± 0.5

3.3.4.5 Oxidant effect on UV-vis spectrum
The significant increase in conductivity observed for PPy-GS prepared using the
mixed oxidant was also verified from UV-vis absorbance spectra (Fig. 3.7). Peaks
around 450 nm corresponding to the π-π* transition showed a slight red shift from
441.5 nm (Fig. 3.7 (a)) to 467.7nm (Fig. 3.7 (c)), which can be attributed to the
higher conjugation length obtained by using mixed oxidant. Absorbance at
wavelengths greater than 600 nm is assigned to the localized polaron band indicating
oxidized PPy, and the conductivity of materials. The PPy-GS/mixed oxidant absorbs
strongly at wavelengths beyond 600 nm, indicating high conductivity.
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Figure 3.7 UV-vis spectrum of PPy-GS synthesized with different oxidants: (a)
0.1M FeCl3; (b) 0.1M Fe PTS; (c) mixed oxidant (0.1M FePTS+0.4M FeCl3).
3.3.5

Use of Gemini acid (GA)

3.3.5.1 Experimental design
The use of dopants containing sulfonic acid often leads to more efficient doping of
PPy during polymerisation [8]. To investigate the possibility of enhancing
conductivity further by this process, gemini surfactant acid (GA) 6, 6‟-(butane-1, 4diylbis(oxy)) bis(3-nonylbenzenesulfonic acid) (9BA-4-9BA) (Fig. 3.1(b)) was used
in place of GS as a co-dopant with the mixed oxidant/co-dopant (0.1 M FepTS / 0.4
M FeCl3) (Table 3.15). GA has similar CMC value and surface activity compared to
GS (Table 3.3).
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Table 3.15 Polymerisation conditions of PPy formulations using GA as surfactant
and co-dopant
Surfactant

Oxidant

Concentration of
surfactant (M)

Concentration of
pyrrole (M)

Concentration of
PVA (wt/v%)

GA

Mixed
oxidant

0.00625

0.1

1.2

GS

Mixed
oxidant

0.00625

0.1

1.2

3.3.5.2 Conductivity
The conductivity (cast film) of the resulting formulation produced in the presence of
GA (PPy-GA) increased dramatically to 4.95 S/cm when using the same
concentration of GA instead of GS (Table 3.16).

Processes occurring during

polymerisation in the presence of GA may explain this increase. The
pyrrole/PVA/GA dispersion turned to a light yellow colour gradually after monomer
and surfactant mixing, while the dispersion with GS was still colourless. This is
perhaps due to the possible reason that the GA reacted more efficiently with the
pyrrole monomer than the GS prior to oxidation. Pyrrole monomers may first react
with sulfonic acid groups on the surfactant before being initiated and polymerised to
form a PPy polymer chain.
3.3.5.3 Particle size, surface tension and viscosity
The ink properties of PPy formulations were maintained when using GA instead of
GS. The values of average particle size, surface tension as well as viscosity of the
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resulting PPy-GA formulation were quite similar to the values for PPy-GS oxidized
by mixed oxidant (Table 3.16). Although these values are much higher than the
recommended range of the DMP2800 system (28-33 mN/m, 12-14 mPa.s), the
dispersion possessed excellent stability and conductivity, and the rheology can easily
be modified by adding a low surface tension solvent, such as ethanol.
Table 3.16

Properties of optimised PPy-GS, PPy-GA nanoformulations.

Dispersion

Conductivity
(S/cm)

Average
particle size
(nm)

Surface
tension
(mN/m)

Viscosity
(mPa.s)

PPy-GS

0.502 ± 0.005

183 ± 1

64.2 ± 0.5

88. 4± 0.5

PPy-GA

4.95 ± 0.05

145 ± 1

69.8 ± 0.5

90.6 ± 0.5

3.3.5.4 FTIR of the PPy-GA
The presence of GA in the polymer chain was confirmed by its FT-IR spectrum (Fig.
3.8). The double peaks at 1045 and 1127 cm-1 can be attributed to =C-O-C vibrations
in gemini acid while the peaks between 1250 and 1390 cm-1 may be assigned to C-H
bending vibrations in the polymer chain. The bands at 1583 and 1495 cm–1
demonstrate typical polypyrrole ring vibrations (2, 5 substituted pyrrole) and the IR
peak observed at 889 cm–1 may be assigned to the =C–H out of plane vibration
indicating polymerization of pyrrole [41]. The sulfonate groups in one surfactant
molecule may exist in the same (Fig. 3.8 (a)) or two different polymer chains (Fig.
3.8 (b)), thus the surfactant/co-dopant could enhance both intrachain and interchain
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mobility of charge carriers which is proportional to the electrical conductivity of the
materials [42].

Figure 3.8 FT-IR spectrum of PPy-GA. Inset: possible existence of gemini
surfactant in PPy polymer chain; (a) in the same polymer chain; (b) in different
polymer chains.

3.3.5.5 Cyclic voltammograms
Cyclic voltammetry was also used to characterize the electrochemical properties of
PPy-Gemini-acid (GA) oxidized by mixed oxidant. A cast PPy-GA film was
obtained by drop casting about 1 mg of PPy on ITO coated glass. CVs of this film
were run in 0.1 M NaNO3 solution vs. Ag/AgCl reference electrode for 100 cycles.
The PPy-Gemini-acid cast film was electrochemically active over quite a wide
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potential window, from -1 V to 1 V (Fig. 3.9). There was no significant difference
between the 1st cycle and the 100th cycle, indicating that this material is
electrochemically stable.

Also, the large area enclosed by the CV curve

demonstrates its high capacity. The capacitance of the cast PPy film was calculated
using the following equation:

Where C is the specific capacitance, A is the integral area of the cyclic
voltammogram loop, f is the scan rate, v is the voltage window, and m is the mass of
the active materials.The exact capacity value calculated from CV and weight of cast
film is 54.72 F/g, which is a relatively high value for chemically polymerised
conductive polymer [44]. Therefore, this material has great potential for applications
which need high conductivity and high capacity, such as electrodes for batteries and
capacitors.
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Figure 3.9 Cyclic voltammetry of a cast film of PPy-Gemini acid on ITO coated
glass in 0.1 M NaNO3 solution at a scan rate of 50mV/s for 100 cycles. The
potentials are vs. Ag/AgCl (3.0 M NaCl).

3.3.6

Ethanol as co-solvent to tune PPy ink properties

After all these optimizations, a stable electroactive PPy-GA ink with high
conductivity (4.95 S/cm), excellent particle size and stability had been produced.
However, both surface tension/viscosity (22.4 mN/m, 1.2 mPa.s, 25°C) were
modified by the addition of ethanol to tune the dispersion for inkjet printing. Ethanol
was added to the PPy-GA dispersion at a ratio of 1:1 causing a decrease in both
surface tension (69.8 mN/m to 30.8 mN/m) and viscosity (90.6mPa.s to 9.4 mPa.s).
The average particle size also decreased significantly from 183 to 102 nm rendering
the final ink ideal for inkjet printing with the Dimatix system (Table 4). The only
minor drawback of using ethanol to tune the ink was a slight compromise in cast film
conductivity from 4.95 S/cm to 1.24 S/cm. This decrease may be attributed to partial
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dedoping of the surfactant/co-dopant that was confirmed by UV-vis spectra (results
not shown). The free carrier tail absorbance band (600 – 1100 nm) of PPy-GA
showed a slight decrease after the addition of ethanol. Despite this, the conductivity
was still higher than PPy-GS prepared in the presence of a mixed oxidant (0.502
S/cm), and the viscosity and surface tension of the resulting formulation were ideal
for inkjet printing.
Table 3.17 Properties of optimised PPy-GA nanoformulations and final PPyGA/ethanol inkjet tuned dispersion.
Dispersion

Conductivity
(S/cm)

Average
particle size
(nm)

Surface
tension
(mN/m)

Viscosity
(mPa.s)

PPy-GA

4.95 ± 0.05

145 ± 1

69.8 ± 0.5

90.6 ± 0.5

PPy-GA:
ethanol=1:1

1.24 ± 0.05

102 ± 1

30.8 ± 0.5

9.4 ± 0.5

3.4

Conclusion

In conclusion, optimizations of surfactant/co-dopant and oxidant/co-dopant
conditions were carried out to produce printable PPy dispersions with high
conductivity and electroactivity. Both gemini salt (GS) and gemini acid (GA)
surfactants/co-dopants were evaluated and the best nanodispersion was formed using
GA in combination with a mixed oxidant (0.1 M FeCl3/0.4 M FepTS). The use of
novel gemini surfactant 9BA-4-9BA improved printability and stability of the PPy-
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GA nanoformulations, narrowed the particle distribution and improved the
conductivity of the material due to its special structure. The conductivity of this
material was as high as 4.95 S/cm (not tuned for inkjet), which is very good for
processible conductive polymers. An inkjet printable form of PPy-GA had a
conductivity of 1.24 S/cm (cast film). These films were also shown to be
electroactive and electrochemically stable. This inkjet printable PPy-GA ink was
tuned for the Dimatix printer by adding ethanol in a volume ratio of 1:1, which
reduced surface tension to 30.8 mN/m, viscosity to 9.4 mPa.s and average particle
size to 102 nm. Fabrication of inkjet printed PPy films and microstructures on
multiple substrates will be studied in the next chapter and the printing conditions will
be investigated to obtain high quality films. The biocompatibility of printed PPy
films will also be investigated for further application in tissue engineering.
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Chapter 4 Fabrication
and characterization of
inkjet printed PPy
membranes and
microstructures
This chapter presents work that has appeared in published
article“Fabrication and Characterization of Cytocompatible Polypyrrole
Films Inkjet Printed from Nanoformulations” by Bo Weng, Xiao Liu,
Michael J. Higgins, Roderick Shepherd and Gordon Wallace in Small,2011,
7, 3434-3438.
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4 FABRICATION AND CHARACTERIZATION OF INKJET PRINTED PPY
MEMBRANES AND MICROSTRUCTURES

4.1

Introduction

Polypyrrole (PPy) is well known as a highly conductive and easily prepared
conducting polymer which has been employed in a broad range of applications,
including chemical sensors[1-2], actuator[3-5] and battery electrodes[6-7]. Recently,
the application of electroactive PPy in bionic areas attracted increasing attention as
PPy has been reported to be a biocompatible material[8]. A series of bio-applications,
including biosensors[9-10], neural electrodes[11-12] and tissue engineering
scaffolds[13-14], have been investigated.
In our previous studies, inkjet printable PPy nanoformulations with resonable
conductivity was reported for the first time in the presence of gemini surfactants
9BA-4-9BA (6,6‟-(butane-1,4-diylbis(oxy)) bis(3-nonylbenzenesulfonic acid)) and
9B-4-9B

(6,6‟-(butane-1,4-diylbis(oxy))

bis(3-nonylbenzenesulfonic

sodium)).

Different oxidants and surfactants were investigated to optimize the surface tension,
viscosity and conductivity of PPy dispersions to make it suitable for inkjet printing.
Finally a nanoformulation (maximum particle size < 200 nm) with low viscosity
(9.39 cP), low surface tension (30.82 dyn/cm) and reasonable cast conductivity (1.26
S/cm) was obtained. This nanoformulation was printed successfully on glass slide
which indicated that this breakthrough made it possible to inkjet print conductive
PPy films and microstructures on a range of different substrates, including glass
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slides, ITO coated glass and PVDF membranes, with designed patterns (lines,
squares and textures) for various applications.
In this chapter, the fabrication of PPy thin films on multiple substrates, by inkjet
printing of a PPy nanoformulation, and their characterization are discussed. The
wettability of the substrates was studied before printing was carried out. Multiple
layered (10-50) films (8 x 8 mm2) and microstructures were fabricated with a
Dimatix Materials Printer 2800 (DMP2800) on glass slides, ITO coated glass and
PVDF membrane. The morphologies of the films were observed by microscopy,
profilometry, SEM and AFM. Physical properties including roughness, thickness,
conductivity and thermo-stability, were also studied. The cytocompatability of this
material was characterized by culturing PC 12 cells on printed PPy films and
compared with tissue culture plastic as control (TCP control). Cell experiments
demonstrated that the films were compatible with PC-12 cells and are therefore
suitable for use as a tissue engineering platforms. Subsequent studies focusing on
fabricating PPy microstructures for patterning and stimulating cells were conducted.
4.2
4.2.1

Experimental
Synthesis of inkjet printable PPy ink

136 mg pyrrole, 88 mg Gemini acid and 0.24 g PVA were mixed thoroughly in 15
mL distilled water under magnetic stirring for 30 minutes. 0.65 g FeCl3 and 0.68 g
FePTS were used as a mixed oxidant dissolved in 5mL distilled water. The oxidant
solution was added into pyrrole monomer solution drop by drop over 30 minutes.
The reaction was maintained under 0°C for 24 hours. The nanoformulation produced
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was purified by dialysis against distilled water for 48 hours, changing water every 18
hours. This original PPy nanoformulation was mixed with ethanol at a volume ratio
of 1:1and used as final PPy ink.
4.2.2

Fabrication of printed film

Fabrication of printed PPy films was performed using a piezoelectric Dimatix
Materials Printer (DMP2800) equipped with a 10 pL cartridge (DMCLCP-11610).
The formulation was typically printed at 25.0 V, a frequency of 5.0 kHz, and a
customized wave form. 6 continuous nozzles of 16 were employed in to fabricate the
film. The microstructures were printed by single nozzle under the same catrige
settings.
4.2.3

Characterization of printed films

Film thickness was measured with a surface profilometer (Dektak150, Veeco).
Scanning electron microscopy (SEM) images were taken using a JSM-7500F A Field
Emission SEM. An OCA20 (DataPhysics Instruments GmbH) optical contact angle
measuring instrument was used to determine the contact angles of both distilled
water and PPy ink as test liquids, on multiple substrates. Conductivity measurements
were performed on multiple layer printed films using the four-point probe
conductivity meter (Jandel). The determination of thermal stability of inkjet printed
PPy films was carried out by the thermogravimetric analysis technique on a Q500
TGA analyzer (TA Instruments, UK). For a typical measurement, a 4 mg sample
was weighed for the analysis and heated in a platinum pan. Samples were heated in
90% air from room termperature to 350 °C at a heating rate of 5 °C/min.
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Atom Force Microscopy (AFM) of printed multilayer films was performed both in
air and in liquid. Imaging in air was performed using a JPK Nanowizard II AFM
(JPK Instruments, Germany) with a 15 N/m cantilever using AC mode at 0.5 Hz scan
rate to study the roughness and 3D structure of dry films. AFM imaging in liquid was
performed using a Park Systems Bio-Xe AFM (Park Systems, Korea). For imaging
in liquid, experimental films were fastened to the bottom of a petri dish and imaged
directly in cell culture media, or first dried and then imaged in Phosphate Buffer
Solution (PBS). The AFM imaging in liquid was performed using PNP-DB
cantilevers (~ 0.3 N/m, Nanoworld, Switzerland) in AC mode with a scan rate of 0.5
Hz.
The cyclic voltammograms (CV) and capacitance were acquired using an eDAQ
electrochemical system (eDAQ Pty Ltd, Australia). Inkjet printed PPy films on ITO
coated glass served as working electrodes in a three-electrode cell with a platinum
mesh counter electrode and Ag/AgCl reference electrode. Cyclic voltammograms
were recorded in 10 mL 0.1 M NaNO3 solution.
4.2.4

Stability chracterisation

Printed PPy films on glass slides and ITO coated glass were left in air to dry
overnight after fabrication, and then immersed in cell culture medium to test stability
and protein physioadsorption. The scaffold was immersed in cell culture medium for
20 days and then left in air overnight before the characterization for conductivity and
AFM imaging.
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4.2.5

Cell culture

PC12 cells were cultured in proliferation medium (DMEM supplemented with 10%
horse serum and 5% FBS) in a humid incubator at 37 oC and 5% CO2. For
differentiation, a low serum medium (1 % horse serum) supplemented with NGF (50
ng/mL) was used. Tissue culture plastic (TCP) was used as control for both
experiments.
Printed PPy films on ITO coated glass were sterilized by immersion in 70 % ethanol
for 5 mins, followed by drying under a sterile condition, and exposing to UV light for
20 mins. The substrates were soaked in proliferation medium for 72 h before seeding
PC12 cells at a density of 2 x 104 cells/cm2, with the medium changed every 2 days.
The numbers of adherent cells on the substrates at day 3, day 6 and day 9 were
quantified using a Quant-iTTM PicoGreen dsDNA Assay Kit (Invitrogen, Australia).
For neural differentiation experiments, the substrates were coated with 0.3 mg/ml
collagen solution overnight and dried before seeding with 2,000 PC-12 cells/cm2 and
culturing in proliferation medium for 24 h. This medium was then replaced with a
differentiation medium that was renewed every 48 h for a total of 6 days.
For fluorescence staining, cells were fixed in 3.7 % paraformaldehyde at RT for 10
min, followed by permeabilization with methanol:acetone (50:50) on ice for 15 min,
and washed with PBS twice. The cells were then blocked in 10% donkey serum with
0.1% w/v Tween-20 in PBS at RT for 1 h, incubated with mouse anti- III tubulin
(Convance, Australia) in 10% donkey serum with 0.1% w/v Tween-20 in PBS at 4
o

C overnight, and Alexafluo 546 anti-mouse secondary antibody (Invitrogen,
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Australia) at 37 oC for 1 h. The nuclei were counterstained with 4'-6-diamidino-2phenylindole (DAPI) (Invitrogen, Australia) for 5 min at RT. Images were acquired
using a ZEISS Axio Imager microscope (Carl Zeiss, Germany).
4.3
4.3.1

Results and discussion
Ink Properties

The ink was synthesized and modified as described in the experimental section. Ink
properties are crucial for inkjet printing and so surface tension, viscosity and particle
size were characterized before printing. The values of surface tension and viscosity
were 30.82 dynes/cm and 9.39 cP respectively, while the average particle size
obtained by dynamic light scattering (DLS) was 110 ± 10 nm. These parameters
meet the requirements of the printheads used with the Dimatix printing system
(surface tension 28-33 dyn/cm, viscosity < 14 cP, particle size < 200 nm). The PPy
ink formulation consisted of PPy nanoparticles, gemini surfactant and ethanol, and
the use of both surfactant and ethanol in the ink decreased the contact angle and
increased the wettability of both substrates.
4.3.2

Morphologies

The morphologies of printed PPy films on glass slides, ITO coated glass and PVDF
were characterized by multiple methods at different scales. Optical digital photos
illustrated the continuity of the printed films at centimetre scale while profilometry
images showed the detail structures of the membranes at millimetre scale. SEM and
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AFM were used to characterize the internal and three dimensional structures of the
films.
4.3.2.1 Printed PPy films on glass slides and ITO coated glass.
Morphologies of printed films on solid substrates, such as glass slides and ITO
coated glass were similar and thus were studied together. Only the results on glass
slides are reported in this section. The hydrophilicity of the substrates (glass slide
and ITO coated glass) was characterized before printing, and water contact angles of
glass slide and ITO coated glass were found to be 42.8 and 99.9 degrees respectively,
indicating that glass slides are highly hydrophilic with ITO coated glass being
hydrophobic. Using the PPy ink to determine contact angle on these two substrates
resulted in values of 19.8 degrees (glass slide) and 48.3 degrees (ITO coated glass),
which can be regarded as hydrophilic (contact angle < 90 degrees). The existence of
surfactants and ethanol in the ink formulation improved the wettability of the
substrates.
4.3.2.1.1 Optical photos
Multiple layered (10-50) films (8 x 8 mm2) were successfully printed on glass slides
from PPy ink. Optical digital images of printed films (Fig. 4.1) show that the
obtained membranes were black films which were continuous and uniform at
centimetre scale. The colour of the films became darker and darker as the printed
layers increased, indicating that the thickness of the films increased gradually.
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Figure 4.1 Optical digital images of multiple layered printed PPy films on glass slide.

4.3.2.1.2 Profilometry photos
Profilometry images were taken using a stylus profilometer. Fig. 4.2 shows the
profilometry photos of 10, 20, 30, 50 layers film. The „striping effect‟ which was
often observed on printed films[16] can be seen on the surface of 10 and 20 layers
film. This effect was caused by the inherent defects existing in the way that the
printer deposited the film. The ink droplets which were transferred onto the
substrates to form the film overlapped each other to ensure the continuity of the film
and formed this striping effect. However, on increasing the number of layers, this
„striping effect‟ became inconspicuous and the film became smoother. That is
possibly because the PPy particles printed subsequently spread around on the surface
of the formerly printed film and filled the „gaps‟ inchmeal. We also observed that
there were no significant differences between the 30 and 50 layered films‟ surface
profilometry images. So it is assumed that after 30 layers, a smooth and uniform film
has been obtained successfully.
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Figure 4.2 Profilometry images of printed multiple layered PPy films on glass slide
(scale bar: 500μm)

4.3.2.1.3 SEM images
The internal and surface structures of the films were characterized by scanning
electron microscopy (SEM). Fig. 4.3 (a) shows a rough surface of a 10 layers film on
which many individual PPy nanoparticles (ca. 50 nm) could be observed. However,
when the number of prints increased to 30, a much smoother film was obtained at the
micrometer length scale (Fig. 4.3 (b)). Discrete particles in the film merged to
become part of the uniform film. A thin scratch was made in the 30 layers film to
create a crack and allow imaging of the internal structure (Fig. 4.3 (c)). From this
image, it is obvious that the small particles were densely packed layer by layer and
formed a uniform film with a thickness around 1.5 μm. The threads between particles
which were not separated completely indicated that the particles in the film were
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bonded tightly and hard to be detached. The uneven part in Fig. 4.3 (c) was caused
by the movement of the particles when making the crack. In contrast, the right edge
of the crack was not influenced as seriously as the left edge by the crack and thus still
retained a smooth morphology.

Figure 4.3 SEM images of printed multilayered PPy films: (a) 10 layers film‟s
surface; (b) 30 layers film‟s surface; (c) the crack of 30 layers film.

4.3.2.1.4 AFM images
Atomic force microscopy (AFM) was used to investigate the 3-D structure of the
surface of printed films at the sub-micron level. The results showed good consistency
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with SEM results. Individual PPy nanoparticles (Fig. 4.4 (a)) disappeared gradually
with increasing layers. The only difference that could be observed between 30 (Fig.
4.4 (b)) and 50 layered (Fig. 4.4 (c)) films was that the continuity of the 50 layered
film was better, indicating that most of the gaps on the surface were refilled by
subsequently printed particles. The connection between particles should be stronger
in 50 layers. The average particle size in solution as determined by DLS (110 nm)
was larger than the size of individual particles observed in printed films by SEM and
AFM because in solution multiple particles in close proximity may falsely be
measured as a single larger particle.

Figure 4.4 AFM images of printed multilayered PPy films: (a) l0 layers, (b) 30
layers, (c) 50 layers. Scan range: 1 μm.
4.3.2.2 Printed PPy microstructure and film on PVDF
PVDF membrane is a porous substrate which has good absorption of PPy ink
formulation. The wettability of the substrate was characterized but no results were
obtained because ink droplets for characterization all went through the membrane
and could not be held on the substrate for measurements. However, PVDF membrane
has a good limitation for the ink droplet spreading, thus a better resolution was
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obtained when printing microstructures on PVDF membrane (Fig. 4.5 (b), (c)) than
on solid substrate (glass slide).
4.3.2.2.1 Digital photos and microscopy images
Inkjet printed films (Fig. 4.5 (a)) and micro interdigitated electrodes (Fig. 4.5 (b), (c))
were successfully fabricated on porous PVDF membrane (pore size 0.22 m) from
PPy ink formulation. The film looks continuous and the micro interdigitated
electrodes have a resolution of 70

m width and 50

m gap. The edge of the

electrode is straight and clear. No droplet spreading and overlay were observed.

Figure 4.5 (a) Digital photo of inkjet printed PPy films; (b) Digital Photo of inkjet
printed micro-interdigitated electrodes; (c) Microscopy image of square area marked
in Fig. 4.5 (b).

4.3.2.2.2 SEM images
The surface structures of the films on PVDF were characterized by SEM (Fig 4.6)
and a porous structure was observed. The surface was not as smooth as the film on
glass slide (Fig. 4.3). That may be caused by the porous structure of the substrate.
The size of the PPy particles was only 50 ± 5 nm (Fig. 4.6 (c)), which is much

133

smaller than the pore size of PVDF membrane (220 nm). PPy particles went into the
pores of PVDF and could not pack densely to form a uniform film.

Figure 4.6 SEM images of inkjet printed PPy films on PVDF. Scale bar: (a) 1 m; (b)
100 nm; (c) 10 nm.
4.3.3

Physical properties of printed PPy films on glass slide

4.3.3.1 Thickness, roughness and conductivity
The physical properties including film thickness, conductivity and roughness of the
films were studied on multiple layered films on glass slides and found to be related to
the number of printed layers (Fig. 4.7). The physical properties of PPy films on glass
slides; including thickness, roughness, and conductivity were also characterized and
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also found to be related to the number of printed layers. A linear relationship was
observed between the thickness and the number of printed layers by profilometry
(Fig. 4.7). A 10 layers printed film had a measured average thickness of 490 nm,
indicating that the average thickness of each printed layer was approximately 50 nm,
which corresponds to the size of individual PPy nanoparticles in the
nanoformulations.
The root-mean-square surface roughness (Rrms) over a 1 m scan area showed a
significant decrease with the increase in the number of layers printed; from 13 nm
(10 prints) to 6.7 nm (50 prints) (Fig.4.7), providing further evidence to suggest that
the smoothness of the films was influenced by the number of printed layers. The
Rrms value showed a sharp drop from 10 to 30 layers, but stayed at a relatively
stable level when continuing to increase the number of printed layers. The roughness
values of 30, 40 and 50 layers films are quite similar. The fluctuation happened in a
narrow range and is due to the measurement errors for different surface area. It may
occur even on the different areas of the same films. This agreed with what we
observed from profilometry and AFM surface morphologies. The average roughness
(Ra) over a 1 m scan area of these films showed the same trend with the Rrms as
shown in Fig. 4.7.
Conductivity was also determined as a function of the number of printed layers (Fig.
4.7) and was affected by the connectivity of PPy particles in the films as determined
by film structure and the number of layers. The conductivity increased with an
increase in the number of layers printed. The conductivity of this ink obtained by
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drop casting on a glass slide was determined to be 1.24 S/cm, while the conductivity
of 50 layered printed film (1.02 S/cm) was a bit lower but close to that value. This
may be caused by minor defects in the printed film which affect the connectivity
between the PPy particles resulting in a slight decrease in conductivity. Despite this,
the conductivity is still more than acceptable and relatively high compared with other
nanostructured PPy films reported[17], and this high conductivity will play a key role
in many potential applications.
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Figure 4.7 Relationships between roughness, or thickness, or conductivity of printed
PPy films and the number of printed layers.
4.3.3.2 UV-vis spectrum
The UV-vis spectra of these printed films on glass slides were also investigated and
compared with that of the PPy ink. Fig. 4.8 (a) shows a typical PPy absorbance
spectrum of original materials. The peaks around 450nm corresponded to the
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transition[18] and the absorbance beyond 600 nm was assigned to the localized
polaron band indicating oxidized PPy. The film with 10 layers has a similar UV-vis
spectrum (Fig 4.8 (b)) compared to the original material PPy nanoformulations;
although the intensity of absorbance at 450nm was lower. However, when increasing
the layers to 20 (Fig. 4.8 (c)), the UV-Vis spectrum changed significantly. Peaks at
450 nm nearly disappeared and the intensity of absorbance at about 850 nm rose
dramatically. The spectra of 30, 40, 50 layered films (Fig. 4.8 (d), (e), (f)) showed
similarity, which finally verified our assumption on the film forming procedure.
Peaks at 450 nm (Fig.4.8 (a)) red shift to over 550 nm (Fig.4.8 (f)), which indicates
the electronic energy decrease i.e. improved interactions between particles. In
addition, the increase in absorbance at 850nm suggests that a continuous and uniform
PPy film with high conductivity was obtained successfully with these thicker films.

Figure 4.8 UV-vis spectrum of printed multilayered PPy films. (a) PPy Gemini Acid
nanodispersion; (b) 10 layers film; (c) 20 layers film; (d) 30 layers film; (e) 40 layers
film; (f) 50 layers film.
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4.3.4

Electrochemical properties of printed PPy films on ITO glass

Cyclic voltammetry (CV) was used to characterize the electrochemical properties of
the printed PPy structures. A 20 layers PPy film was printed on ITO coated glass and
characterized by CV. CVs of this film were run in 0.1 M NaNO3 solution vs.
Ag/AgCl reference electrode at different scan rates (10 - 100 mV/s). The
electrochemical stability was tested by scanning for 100 cycles at 100 mV/s. Fig. 4.9
(a) shows that the printed PPy film was electrochemically active over quite a wide
potential window (-0.9V~ 0.8 V) at different scan rates. The peak current of the
redox peaks increased with the scan rate linearly (Fig 4.3 (b)), and this confirms that
the electrochemical performance of printed conducting polymer films makes them
suitable for use in electrical stimulation of cells and controlled release applications.
After 100 cycles of scanning, there were still well defined redox peaks observed
together with a large area enveloped by the CV curves (Fig. 4.9 (c)). More than 75%
of the capacitance remained after 100 cycles, indicating that this is a relatively
electrochemically stable film which could be used for long-term electrical
stimulation.
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Figure 4.9 CVs of printed 20 layers PPy film on ITO coated glass: (a) CVs at
different scan rates from 10 to 100 mV/s, 1 cycle, vs. Ag/AgCl reference electrode,
in 0.1M NaNO3;(b)Linear plot of redox peak currents at different scan rate; (c) Scan
rate: 100mV/s, 100 cycles, vs. Ag/AgCl reference electrode, in 0.1M NaNO3
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4.3.5

Characterization of PPy films printed on PVDF membrane

The properties of printed structures on PVDF films including conducitivity and
electrochemistry have also been investigated but found the results were not as
promising as those on glass slides. Conductivity study by multimeter showed that the
resistivity of printed films on PVDF membrane can reach as high as 108 Ω,
indicating that these films are nearly unconductive. Electrochemistry measurement
(CV) was performed using printed PPy films on PVDF membrane sputter coated
with gold but found that the current response was almost 3 orders lower than the
control sample which was fabricated under the same condition on ITO glass. The
reason for this reduction was supposed to be related to the porous structure of PVDF
membrane. The pore size of PVDF membrane outweighs particle size of PPy (~
50nm). PPy particles went into the pores of PVDF and could not pack densely to
form a uniform film, which was confirmed by the SEM images (Fig. 4.6). This led to
the weak properties of these films and seriousely limited their applications.
4.3.6

The effect of thermal treatment on the properties of PPy film

The thermal properties and the effect of heat treatment on the properties of printed
PPy films including TGA, conductivity, electrochemistry and Uv-vis influenced by
temperature, were studied on glass slide and ITO coated glass. The results showed
that temperature had great influence on the electrochemical and physical properties
of the inkjet printed PPy films. The reasons for this influence are discussed in this
section.
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4.3.6.1 TGA
Thermal stability of the material was firstly studied by TGA. Printed films were
peeled off carefully, using tweezers, from the glass slide for thermogravimetric
analysis. The sample was heated in 90% air from room termperature to 350 °C at a
heating rate of 5 °C /min. From Fig. 4.10 it can be seen that this material was
thermally stable when the temperature was below 200°C. The slight weight loss
(<1%) at the beginning of the measurement could be attributed to the evaporation of
water left in the film rather than the breaking down of the polymer chains. The
decomposition of PPy occurred when the temperature exceeded 200 °C, indicated by
the continuous weight loss from 99% to 75% (at 350 °C) observed in the TGA curve.

Figure 4.10 Thermogravimetric analysis of inkjet printed PPy film (Heating rate: 5
°C/min)
4.3.6.2 Effect of thermal treatment on electrical conductivity
The effect of thermal treatment on the electrical conductivity of inkjet printed films
was characterized by measuring the conductivity of 20 and 40 layers inkjet printed
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PPy films after heating at different temperatures (100 °C – 300 °C) for 1 hour. Fig.
4.11 shows colour changes of the films with temperature, which agreed well with the
TGA result. The colour of the film was dark black below 200 °C, but became lighter
when the temperature increased and turned to light brown finally.
The conductivity of the film was found to increase after heat treatment from room
temperature (RT) to 150 °C (Table 4.1), but decreased sharply to nearly nonconductive (beyond the lower limit of the conductivity meter) above 200 °C. Both 20
and 40 layers PPy films were more conductive after treatment at higher temperature;
the conductivity at 150 °C was nearly doubled compared with that at room
temperature. This increase was assumed to be due to the glass transition of PVA,
which functioned as a micelle stabiliser in the ink formulation, in the printed film.
PVA turned from glassy state to rubbery state when the temperature was higher than
its glass transition temperature (Tg) (80 – 90 °C). This transition aided the PVA
polymer chains‟ re-arrangement in the film, which increased the connectivity of the
PPy nanoparticles resulting in a higher conductivity.

100 C

150 C

200 C

250 C

300 C

Figure 4.11 Colour changes of 20 layers inkjet printed PPy film on glass slides with
temperature.
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Table 4.1 Effect of heat treatment on the electrical conductivity of inkjet printed PPy
films on glass slide
Conductivity

RT
(S/cm)

100°C
(S/cm)

150°C
(S/cm)

200°C
(S/cm)

250°C
(S/cm)

300°C
(S/cm)

20 layers

0.69

1.07

1.39

N/A

N/A

N/A

40 layers

0.95

1.46

1.78

N/A

N/A

N/A

4.3.6.3 Effect of thermal treatment on electrochemistry
The effect of thermal treatment on the electrochemistry of the printed PPy films was
carried out on ITO coated glass. CVs of 20 and 40 layers films were scanned before
and after heating at 150 °C at 50 mV/s. An incredible increase in current response
was observed after heating as well as an increase in the area enveloped by the CV
curves, indicating an increase in capacitance of the printed films (Fig. 4.12)). The
potentials of the anodic and cathodic peaks shifted cathodically. The anodic peak
potential (Epa) decreased from -0.244 V to -0.284 V while the cathodic peak
potential (Epc) shifted cathodically from -0.418 V to -0.47 V (20 layers) (Table 4.2),
indicating that this material was easier to be oxidized after heating. In addition, the
potential difference between Epa and Epc ( E) also increased after heating. The
reason that caused these changes is assumed to be the same as the cause for the
increase in conductivity.
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(b)

(a)

Figure 4.12 CVs of printed 20 (a) and 40 (b) layers PPy film on ITO coated glass at
150 °C and room temperature, 1 cycle at a scan rate of 50mV/s, vs. Ag/AgCl
reference electrode, in 0.1M NaNO3.
Table 4.2 The redox potentials of 20 and 40 layers inkjet printed PPy films under
room temperature and after treatment at 150 °C.
Epa (V)

Epc (V)

20 - RT

-0.244

-0.418

0.174

20 - 150 °C

-0.284

-0.47

0.186

40 - RT

-0.118

-0.43

0.312

40 - 150 °C

-0.232

-0.556

0.324

E (V)

4.3.6.4 Effect of thermal treatment on Uv-vis spectrum
The effect of thermal treatment on the Uv-vis spectrum of the printed PPy films was
carried out on glass side. Uv-vis spectrum of the film was meseaured before and after
thermal treatment at 150 οC for 1 hour. The increasing absorbance intensisty
occurring beyond 600 nm can explain the reason why the conductivity of the film

144

climbs up after heating. It may be due to the improving connectivity or by increasing
the polarson.

(nm)

Figure 4.13 Uv-vis spectrum of 20 layers inkjet printed PPy film on glass slides
before and after thermal treatment at 150 οC.
4.3.7

Cell experiment

4.3.7.1 Film stability
Before undertaking cell culture experiments, the adhesion of printed films to both
glass and ITO coated glass substrates was tested by incubating 30 layered films in
cell culture medium containing 5% horse serum and 10% FBS. Over the first 5 days
both films adhered well, however, from day 6 the edge of the film on a glass slide
started to lift away and the whole film lifted from the substrate after 8 days. The film
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on ITO coated glass showed good adhesion to the substrate after 20 days, which may
be related to the relatively rough surface of ITO coated glass and the stronger
adhesion force[22, 23]. The possible surface changes of the experimental sample
(soaked) was studied by AFM in PBS. Topographic images of this sample directly in
the cell media were difficult to obtain due to an increase in the softness of the film
caused by swelling. However, a lower resolution 25 micron scan showed a similar
morphology to the control sample (unsoaked). A high resolution scan was carried out
in PBS after drying. The images showed no significant difference to the control
50nm

sample[19], particularly at the highest resolution image (1 micron) that displayed
nodular structures (Fig. 4.14 (a), (b)). Protein adsorption from the serum in
the medium to the film is likely to have occurred but at low concentrations that do
not modify the film morphology evident in the AFM images.

(c)

(b)

(a)

(a)
(d)

(b)
(e)

Figure 4.14 AFM images of printed multilayered PPy films on ITO glass: (a) 30
layers in PBS (control, unsoaked); (b) 30 layers in PBS (experimental, soaked in cell
culture medium). Scan range: 1 μm.
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4.3.7.2 Cytocompatibility test
Initial cytocompatibility assessment of the printed PPy films was addressed by
culturing PC-12 cells, which are commonly used to assess the effect of electrical
simulation[19], on a 30 layered film printed on ITO coated glass and comparing with
tissue culture plastic (TCP control). After exposure to NGF in low serum medium,
PC-12 cells were found to differentiate well on the printed PPy film with similar cell
density to TCP control (Fig. 4.15(a), (b)). The cells differentiated with a typical
neural morphology, extending neurites and forming neural networks on the printed
PPy film (Fig. 4.15 (a) (c)). Type III ß-tubulin is an identifying marker for neurons
which expressed exclusively in neurons. In this work, the differentiation of PC12
cells were identified by type III ß-tubulin expression and compared with that of cells
on TCP control (Fig. 4.15 (a), (b)). Similar expressions of type III ß-tubulin were
observed in cells grown on printed PPy and TCP control.
Cell growth profiles (Fig. 4.15 (d)) demonstrated that from day 1 to day 6, total cell
numbers of both samples increased at a similar rate. However, during day 6 and day
9, the proliferation rate of PC 12 cells on PPy was lower than on TCP control. This
difference may be caused by the detachment of loose PPy particles mentioned before.
Surface modification by introducing covalently coupled collagen on the particle
surface may probably solve this problem and will be studied in future work. The final
cell number on PPy is comparable (~70%) to that on TCP control. This indicates
that purification of the PPy ink by dialysis removed most of the cytotoxic ions, such
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as Fe3+[20-21], in the dispersion and this material presents a processable conducting
substrate for a range of biomedical applications.

Figure 4.15 Fluorescence images of PC-12 cells on printed PPy film (a) and TCP
control (b); Scale bar: 50μm. (c) SEM image of PC-12 cells on printed 30 layered
film; Scale bar: 50μm. (d) PC12 cell growth profiles on printed PPy film and TCP
control.
4.4

Conclusions

High quality multilayered PPy films and microstructures were obtained successfully
on various substrates by inkjet printing from PPy nanoformulations. The
morphologies of these films and microstructures were observed at different length
scales by digital photos, profilometry, optical microscopy, SEM and AFM. The
physical properties, including film thickness, conductivity and roughness, were
investigated on glass slides and found to be determined by the number of printed
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layers. Electrochemistry was performed on ITO coated glass and results showed that
the printing procedure did not affect the electroactivity of the material. The printed
PPy film on ITO coated glass was electroactive over a wide protential window (0.9V ~ 0.8V) and electrically stable. The characterization of the thermal properties of
the printed film (TGA, thermal treatment on conductivity, thermal treatment on
electrochemistry) demonstrated that the printed PPy film was thermally stable below
200 °C, and that the conductivity increased with heat treatment from room
temperature to 200°C. In addition, we presented the results of inital cell culture
experiments, which indicated that inkjet printed PPy films are cytocompatible and
therefore suitable for biomedical applications. Exploration of these potential
applications, including electrical stimulation of cells cultured on inkjet printed
microstructures, will be reported in the next chapter.
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Part III
Applications of inkjet
printed PPy structures
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Chapter 5 Inkjet Printed
Polypyrrole for Tissue
Engineering
This chapter presents work that has appeared in the published article
“ Inkjet Printed Polypyrrole/Collagen Scaffold: A Combination of Spatial
Control and Electrical Stimulation of PC12 Cells” by Bo Weng, Xiao Liu,
Roderick Shepherd and Gordon G. Wallace on Synthetic Metal.
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5 INKJET PRINTED POLYPYRROLE FOR TISSUE ENGINEERING
5.1

Introduction

Polypyrrole (PPy) has been extensively used in biological applications including
neural electrodes[1-2], biosensors[3-4] and tissue engineering scaffolds[5-6]. The
biocompatibility, conductivity and dynamic character of this conducting polymer
suggest it is an excellent candidate capable of inducing an electrode-cellular interface
for bionic applications[7].
Early studies by Langer[8] and Wallace[9] indicated the feasibility of using
conducting polymer platforms for cell growth. Recent studies indicate that PPy
provides an effective platform for communication with nerve[10] and muscle
cells[11]. In other studies it was demonstrated that electrical stimulation of PC12
cells on PPy films resulted in an increased neurite length (18.14 μm) compared with
control samples (9.5 μm)[12].
Since then, a series of studies focusing on promoting the interaction between cells
and PPy platform were carried out, such as incorporating cell adhesion
molecules[13], neurotrophins[6, 14] and fabricating microstructure scaffolds for
tissue engineering[15-17]. Gomez et al. used electron-beam lithography and
electropolymerisation to create 1 and 2 μm wide PPy microchannels as a cell culture
substrate and found that embryonic hippocampal neurons cultured on the modified
substrate polarized faster than on unmodified substrate[10]. Lee et al. fabricated
PLGA nanofibers by electrospinning and synthesizing PPy chemically on the outer
fiber surface to form electrically conductive PPy-PLGA biocompatible nanofiber
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structures[16]. PC 12 cells were cultured on aligned nanofibers for electrical
stimulation as well as on randomly arranged fibers as control. Results showed that
electrical stimulation of cells cultured on aligned fibers resulted in longer neurites
and more neurite-bearing cells, compared to control samples. These studies
established that PPy microstructures were ideal platforms for cell culture and
electrical stimulation but did not show effective control of the location of the cells.
Cells grew randomly over the whole substrate rather than anchored at a designated
area.
Inkjet printing is a valuable laboratory fabrication tool with the ability to generate
tiny (pico-litre) drops of reproducible size and deposit them at a spot with positional
accuracy of 20 µm or better[18-19]. Inkjet printing can repeatedly produce
predetermined patterns on a range of substrates, conductive or non-conductive,
without physical contact with the surface[20-21]. Inkjet printing has also been used
to provide cell patterns[22-23], neurotrophins[24] and cell adhesion molecules[2527] for tissue engineering applications.
In Chapter 4, an inkjet printable PPy formulation was synthesized and printed
successfully[21] on multiple substrates, including glass slides, ITO coated glass, and
PVDF membrane. The cytocompatibility of the printed film was demonstrated by PC
12 cells[28]. Cells cultured on a printed PPy film differentiated effectively and the
neurites formed a good network indicating that this printed PPy surface was
compatible with PC12 cells. In this chapter, control over cell location and subsequent
electrical stimulation of cells cultured on patterned PPy microstructures were
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investigated. Inkjet printing was utilized to produce tracks with conducting polymer
and cell adhesion molecules capable of electrical stimulation of cells, with the added
advantage of spatial control of cells provided by the fabrication tool.
To fabricate the scaffold, 10 parallel PPy lines (100 μm width, 35 mm length) were
inkjet printed on AryliteTM film to form a platform for electrical stimulation.
Collagen lines (100 μm width, 20 mm length) were printed over the PPy lines (Fig.
5.1). Results demonstrated that PC12 cells successfully adhered to the printed
patterns and formed viable cellular patterns at a resolution of 100

m. Electrical

stimulation was performed by applying a pulsed current. This promoted neurite
outgrowth from PC12 cells and resulted in significantly longer neurites and more
neurite-bearing cells than an unstimulated control group. Spatial control of cells and
electrical cues were combined successfully in this work, resulting in controlled cell
location and promotion of cell differentiation.

5.2

Experimental

5.2.1

Materials

Pyrrole which was purchased from Sigma-Aldrich was distilled and stored at –12 ˚C
before use. Ammonium persulfate (APS), Iron(III) chloride (FeCl3) and Sodium
nitrate (NaNO3) were purchased from Fluka and used as received. Iron(III) ptoluenesulfonate hexahydrate (FepTS), Polyvinyl alcohol (MWt 31K-50K) (PVA)
and dialysis membrane (Mw 12,000) were from Sigma-Aldrich and used as received.
Gemini

surfactants

9BA-4-9BA

(6,6‟-(butane-1,4-diylbis(oxy))
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bis(3-

nonylbenzenesulfonic acid)) and 9B-4-9B (6,6‟-(butane-1,4-diylbis(oxy)) bis(3nonylbenzenesulfonic sodium)) were synthesized in our lab as described in 2.2.1 and
previously reported[29-30].
Fetal bovine serum (FBS) was obtained from Thermotrace and collagen from Purecol.
Dulbecco‟s minimal essential medium (DMEM), horse serum and nerve growth
factor (NGF) were purchased from Invitrogen. PC12 cells were obtained from Dr.
Anita Quigley at St Vincent‟s Hospital (Melbourne). AryliteTM film (A200HC) was
provided by Ferrania Technologies.

5.2.2

Synthesis of inkjet printable PPy formulation

The syntheis and purification of PPy formulation was described in 4.2.2.

5.2.3

Inkjet printing of PPy/Collagen lines

Fabrication of PPy/Collagen lines was performed using a piezoelectric Dimatix
Materials Printer 2800 (DMP 2800), equipped with a 10 pL cartridge (DMCLCP11610). The inkjet printable PPy formulation was printed at 25.0 V, a frequency of
5.0 kHz, with a customized wave form for 20 layers with the designed pattern onto
the AryliteTM film. 1 nozzle of 16 was employed in the fabrication. The pattern of
printed PPy lines was designed with Dimatix software (version 1.3.0.7) as shown in
Fig. 5.1 (b). Each line was constructed with three scans of the printhead using 30 μm
drop spacing. The obtained scaffold was left in the printer to dry for 4 hours before
0.1 mg/ml Collagen solution (in 0.1M HCl) was jetted over the PPy lines using the
same printing conditions.
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5.2.4

PPy/Collagen lines characterization

Surface tension and contact angle measurements were carried out using a
DataPhysics OCA20 goniometer. Viscosity was recorded by a TA AR-G2 Magnetic
Bearing Rheometer with a cone-plate system. Particle size of the printable PPy ink
was determined by a Nano-ZS Zetasizer. Optical microscopy images of printed lines
were obtained using the Leica DM EP microscope. Surface morphology and line
thickness were determined using an optical profilometer (Dektak150, Veeco).
Scanning electron microscopy (SEM) images were obtained using a JSM-7500FA
Field Emission SEM and AFM images were acquired using a JPK Nanowizard II
AFM (JPK Instruments, Germany) in air with a 15 N/m cantilever using AC mode at
0.5 Hz scan rate. Conductivity and I-V curves of printed PPy lines were measured
with an Agilent I-V meter.

5.2.5

Stability chracterisation of printed printed PPy/Collagen scaffold

PPy/Collagen scaffolds printed on AryliteTM film were left in air to dry overnight
after fabrication, followed by immersion in buffered solution (PBS) to test stability.
The scaffold was immersed in PBS solution for 7 days and then left in air overnight
before the characterization for conductivity.

5.2.6

PC12 cell culture

Inkjet printed PPy/Collagen lines were immersed in 70 % ethanol for 5 min,
followed by drying under sterile conditions. PC 12 cells were seeded into a custom
made Plexiglas cell culture chamber slide (Fig. 5.1 (c), (d)) (density of 2000
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cells/cm2) and cultured in proliferation media (DMEM with 2 mM glutamine, 5 %
FBS and 10 % horse serum) for 24 h to permit attachment and spreading. Then the
media was changed to differentiation media (DMEM containing 2 mM glutamine, 1 %
horse serum and 50 ng/mL NGF) to induce differentiation, and was changed every
48 h for a total of 6 days. Cells were cultured in a humidified incubator at 37 °C with
a 5 % CO2 atmosphere.

5.2.7

Electrical stimulation of PC12 cells

The electrical signals were supplied by an AccuPulser electrical stimulator (World
Precision Instruments, FL, USA). The configuration of the electrical stimulation setup was similar to the cell design previously used by our group[14, 31]. Cultured
PC12 cells were subjected to a charge-balanced biphasic pulsed current (250 Hz) for
2h after exposing to differentiation medium. The parameters of the stimulation
current are shown in Fig. 5.1 (e).

5.2.8

Fluorescence labelling and image analysis

PC12 cells were fixed in 3.7 % paraformaldehyde for 10 mins at room temperature
and permeabilized using ice-cold acetone for 5 min, followed by washing with PBS.
F-actin filaments in the cells were labelled using 0.2 μM Alexa Fluor 488 phalloidin
for 20 mins at room temperature and washed with PBS. The nuclei were stained in 1
µg/ml DAPI for 5 min followed by washing with PBS twice. Images were obtained
using a ZEISS microscope.
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The images were analysed using Image Pro Plus (Media Cybernetics Inc. USA). The
length and angle of individual neurites were measured, the length of a neurite being
defined as the distance from the tip of the neurite to its junction with the cell body.
Statistical analyses of neurite length distribution were performed using the SPSS
program (SPSS Inc. USA).

Figure 5.1 (a) PPy/Collagen complex scaffold; (b) Pattern design of PPy lines from
Dimatix software; (c, d) Schematic of PPy/Collagen scaffold (side view and top
view) for PC12 cell culture and electrical stimulation.
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5.3

5.3.1

Results and discussion

Inkjet properties

The printable PPy ink formulation was synthesized and purified as described in the
experimental section[21]. The final ink was tuned with 50% ethanol as co-solvent to
decrease the surface tension and viscosity to fulfil the requirements of the Dimatix
system (surface tension < 33 dyn/cm, viscosity <12 cP). The final values of surface
tension and viscosity were 30.82 dynes/cm and 9.39 cP respectively, while the
average particle size obtained by dynamic light scattering (DLS) was 110 ± 10 nm.
The wettability of the Arylite substrate was also characterized. Water contact angle
was found to be 68±0.5 degrees, indicating this substrate was hydrophilic. Arylite
film was washed with water and ethanol respectively for cleaning and sterilization
purposes before printing.
The crucial parameters of the collagen solution for inkjet printing, including surface
tension and viscosity were also characterized. The surface tension of collagen
solution was 25.49 dyn/cm while the viscosity was 8.67±0.5 cP as reported
previously[26]. The properties were compatible with the ink requirements for the
Dimatix printer (surface tension < 33 dyn/cm, viscosity <12 cP).

5.3.2

Morphologies and profile of inkjet printed PPy lines

AryliteTM film is a soft polymer substrate with good mechanical and optical
properties[32]. The main component of this commercial film is polyarylate and
previous studies indicate that this material is biocompatible[33-34]. These properties
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made AryliteTM film an ideal substrate for this work. An optical microscopy image of
printed 20 layered PPy lines (Fig. 5.2 (a)) indicated that continuous 100 μm wide
tracks with discrete edges were successfully deposited at a spacing of 400 μm. SEM
images (Fig. 5.2(b)) showed that the surface of the printed PPy pattern was smooth
and uniform at the sub-micron level with no obvious features visible even up to
magnifications of 15,000x (Fig. 5.2(c)). This indicated that the obtained PPy
microstructure was of high quality.
An optical profilometer was used to further characterise the printed tracks. The crosssection profile image (Fig. 5.2(d)) confirmed the structure of printed lines from
another aspect. 100 m line width and 400 m gap width agreed well with the results
obtained from microscopy. The height across the width of a single track ranged from
1.3- 1.5 m and the average height of the 10 tracks was 1.4 m.
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Figure 5.2 (a) Microscopy image of inkjet printed PPy lines; (b) , (c) SEM images
of inkjet printed PPy line; (d) The cross-section profile of two parallel PPy lines
5.3.3

I-V curves and conductivity of printed PPy lines

The conductivity of the printed PPy tracks was determined from I-V curves (Fig. 5.3).
The average slope of five measurements was 4.695. Thus the average resistance (R)
of these 10 lines could be calculated from the slope of the I-V curves using Ohm's
law:

(1)
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Where I is the current through the conductor, V is the potential difference measured
across the conductor. Additionally, the resistance can also be calculated from
resistivity ( ):

(2)

We have already determined that the length of the lines (L) is 35mm and the area of
the cross-section of 10 lines (A) obtained by profilometry is:
(3)
Thus the conductivity ( ) of this material is:

(4)

This conductivity agrees well with results reported for printed PPy thin films
(1.1S/cm)[28]. Arylite possesses negligible conductivity (1.25x 10-18 S/cm)[32], and
hence would not have had any influence on stimulation results.

Figure 5.3 The I-V curves of printed PPy lines
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5.3.4

Characterization of PPy/Collagen scaffold

In previous work, conducting polymers were coated with cell adhesion molecules
prior to electrical stimulation experiments by soaking in appropriate solutions. This
approach did not allow for control of the amount of cell adhesion molecules
deposited, or for spatial control over deposition.
In our study, collagen was deposited by an inkjet printing system which can adjust
the loading of collagen by using different dot spaces and printing layers. The amount
of collagen needed was controlled and optimized by depositing different numbers of
layers (1 layer, 5 layers, 20 layers) of collagen initially onto glass slides for cell
culture. It was found that 5 printed layers were suitable for adhesion of the optimum
density of cells (Fig. 5.4 (b)). Using 1 printed layer of collagen, the cell density was
very low (Fig. 5.4 (c)) while using 20 layers of collagen led to an extremely high cell
density (Fig. 5.4(a)). With this high cell density, the nuclei were too close together
and did not differentiate.
Thus 5 layers of collagen were printed on top of the previously printed PPy tracks as
shown in Fig 5.1 (a). Atomic force microscopy (AFM) was employed to investigate
surface morphology and roughness changes before and after collagen deposition.
After the deposition of collagen, a continuous and homogeneous film was observed
(Fig. 5.5(b)). PPy particles were no longer obvious and the average roughness of the
surface over a 5 m x 5 m scan area decreased significantly from 8.86 nm to 4.45
nm, which confirms that collagen was successfully deposited onto the PPy.
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Figure 5.4 Fluorescence micrographs of DAPI stained PC12 cells nuclei on different
collagen layers. (a) 20 layers, (b) 5 layers, (c) 1 layer

Figure 5.5 (a) AFM morphology of 20 layers printed PPy lines; (b) AFM
morphology of 20 layers PPy/5 layers collagen scaffold. Scan range: 5 m.

5.3.5

Stability of printed PPy/Collagen scaffold

PPy/Collagen scaffolds showed good stability when soaked in PBS solution. This
scaffold adhered well to the polyarylite film after 7 days soaking, indicating that the
adhesion between PPy/Collagen scaffold and AryliteTM film substrate is acceptable
for performing in vitro cell studies. The electrical stability of the scaffold was also
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measured after immersion. The resistivity of the tracks measured increased slightly
from 213 kΩ to 287 kΩ, indicating that this material retained most of its conductivity
after soaking.

5.3.6

Cell patterns

PC12 cells are widely used as an experimental model of the sympathetic nervous
system[35-36] to study neurogenesis in response to multiple extracellular factors
including neurotrophins and electrical stimulation[10, 12, 16]. They were used in our
in vitro cell studies to demonstrate the nerve cell patterning ability of this inkjet
printed scaffold. PC12 cells were cultured on the printed PPy/collagen scaffold in a
custom made Plexiglas chamber for 7 days to evaluate the effect of the track pattern
on neural cell adhesion and differentiation.
A confluent cellular pattern that followed the printed tracks was achieved after 7
days culture (Fig. 5.6). The cellular lines grew along the guidance systems provided
by the PPy/collagen tracks. Cells were found to adhere to and differentiate
effectively on this scaffold with reasonable cell density (Fig. 5.6 (a), (b)). The results
indicated that it is possible to create a viable cell pattern at a resolution of 100 μm on
this electroactive scaffold by inkjet printing. The fact that more than 90% of the cells
attached to the PPy/collagen track, demonstrated this scaffold gave effective position
guidance to PC12 cells. Cells observed outside the line boundary was possibly
caused by cell migration (Fig. 5.6 (c), (d)).
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(c)

100 m
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(d)

Figure 5.6 (a), (c) Fluorescence microscopy images of PC12 cells cultured on
PPy/collagen scaffold; (b) Overlap of fluorescence and optical microscopy image of
PC12 cells cultured on PPy/collagen scaffold; (d) SEM image of PC12 cells cultured
on PPy/collagen scaffold.

Based on this preliminary result, the acronym of the name of our research institute
“IPRI” was printed on AryliteTM film using the same approach, to test cell patterning
ability with a complex design for PPy/collagen scaffold. After 7 days cell culture, a
cell patterned “IPRI” image was obtained from fluorescence microscopy (Fig. 5.7).
The intensity of fluorescence was stronger at the edges of the letters than that at the
central area of the pattern, indicating that cell density at the boundary was higher and
more cells attached at the boundary of the letters. This phenomenon was also
reported by Roth et al. on a printed track of collagen at the resolution of 300 m and
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the behaviour was attributed to the higher surface energy at the edges[26]. The edge
effect observed on tracks discussed above (Fig. 5.6) was not as obvious for larger
patterns (Fig. 5.7). This is because the resolution of a simple line track (100 m) is
more comparable to the body size of PC 12 cells (20 m - 30 m).
A detailed analysis of cells on printed letters was carried out using SEM (Fig. 5.8).
Cells were found to adhere to and differentiate effectively on the letter “R”. The
neurites connected with each other and formed a good network. Cell migration was
also observed on the printed letter, single cells can be seen out of the boundary but
the density is much lower than those on the printed letter, indicating that this method
can realize an effective spatial control of cell location on a complex and larger
pattern.

Figure 5.7 Digital photo of “IPRI” printed on AryliteTM film and fluorescence
microscopy image of DAPI stained PC12 cells nuclei patterned “IPRI”
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20 m

20 m
100 m

Figure 5.8 SEM images of PC 12 cell patterned letter “R” in “IPRI” pattern printed
on AryliteTM film

5.3.7

Electrical stimulation

After exposure to nerve growth factor (NGF), PC12 cells differentiated into the
neuronal phenotype (extension of neurite). The neurites were connected with each
other and formed a network. It has been reported that electrical stimulation can
172

promote neurite outgrowth from PC12 cells on conducting polymers[12, 34]. We
therefore electrically stimulated PC12 cells by applying a pulsed current signal (Fig.
5.1 (e)) to the PPy-collagen tracks using previously described protocols[31, 37]. It
was found that electrical stimulation generated significant outgrowth and orientation
of neurites after stimulation (Fig. 5.9 (a)) compared to unstimulated cells (Fig. 5.9
(b)). Median neurite length was analysed to investigate the effect of electrical
stimulation on neurite outgrowth. Statistically significantly longer neurites were
observed with electrical stimulation (p<0.01). The median lengths of neurites were
23.34 m and 32.71 m respectively for unstimulated cells and stimulated cells after
7 days culture (Fig. 5.10).

Figure 5.9 Fluorescence microscopy images of: (a) stimulated oriented PC12 cells
and (b) unstimulated random PC12 cells cultured on PPy/collagen scaffold.
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Figure 5.10 Statistics of neurite length of electrically stimulated and unstimulated PC
12 cells cultured on printed PPy/collagen
The orientation of neurites was analysed by measuring the angle of each neurite with
respect to the direction of the PPy/collagen track and calculating neurite angle
distribution. Fig. 5.11 shows the distribution of neurite angle of stimulated and
unstimulated PC12 cells. Unstimulated PC12 cells did not show any significant trend
for directional neurite growth, while an obvious tendency to grow parallel to the PPy
track was observed in stimulated cells. We assumed that this is because the structure
of this scaffold created a potential difference on the line. According to the equation
U=IR and R=ρL/A, where U is the potential over the tracks, the small intersection
area of this scaffold (A) led to a large potential difference with a direction parallel to
the PPy line where the resistivity is constant. Other researchers‟ results also
confirmed this point, that high extracellular electrical field can promote neurite
orientation[38]. The unique structure of our scaffold created by inkjet printing
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offered the opportunity to produce a high potential difference along the line and
promote neurite orientation.
Although the exact reasons for neurite outgrowth and neurite orientation are not fully
understood, it is believed that the electric field had effects on the channels and
proteins

[32, 33]

in the cellular membrane. Also the electric field can decrease the

cellular membrane potential and make neurite growth more efficient[39].

Figure 5.11 Analysis of stimulated and unstimulated PC12 cells neurite angle
distribution after 7 days cell culture.
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5.4

Conclusions

In this chapter, we have fabricated a novel complex electroactive PPy/collagen
scaffold on AryliteTM film for cell patterning and stimulation using inkjet printing.
100 m wide PPy tracks, approximately 1.4 m high, with conductivity of 1.1 S/cm
were obtained. Collagen was subsequently deposited directly on to the PPy surface.
In vitro cell studies using a PC12 cell line verified compatibility of the cells with the
printed structure. More than 90% of the cells adhered to the PPy/collagen track and
created a cell pattern. This spatial control effect of PC 12 cells on larger and more
complex structures was also studied by culturing cells on printed letters “IPRI”. The
results showed that cell patterned letters were successfully observed from
fluorescence images. Electrical stimulation of PC 12 cells was carried out on printed
microtracks and shown to promote neurite outgrowth and orientation. In conclusion,
inkjet printing is a convenient route to producing patterned conducting polymer
structures that can promote cellular adhesion and provide a platform for electrical
stimulation.
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Chapter 6
Inkjet printed
polypyrrole biosensors

This chapter present work that has appeared in conference paper “Wholly printed
polypyrrole-based biosensors on flexible substrates” by Bo Weng, Aoife Morrin,
Roderick Shepherd, Karl Crowley, Anthony J. Killard, Gordon G. Wallace was
accepted as an oral presentation on 33th Australia Polymer Symposium, 12-15,
February, Hobart, Australia.
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6 INKJET PRINTED POLYPYRROLE BIOSENSORS

6.1

Introduction

Trends, including aging populations in western countries, increasing environmental
legislation, the rise of genetic technology, and the emergence of such ubiquitous
computing become growth drivers for the development of sensor applications[1-3].
The increasing demands for low cost, mass-producible sensor products promise a
vast and rapidly evolving market to the sensor manufacturers. Printed chemical- and
bio-sensors represent distinct opportunities in specific key areas of this market such
as point-of-care medical diagnostics and smart packaging[4-5]. Among all the
printing techniques, inkjet printing shows great potential to revolutionize the
production of the sensor interface for its speed, cost and automation[6-8]. Inkjet
printing is a non-contact and non-impact printing technique which does not need a
plate and surface contact during printing. It is also a “drop-on-demand” system that
can transfer designed patterns onto various conductive and non-conductive substrates.
These unique advantages highlight the potential of inkjet printing as a technique for
new sensor production in the future.
Conducting polymers have been utilized as electrode materials in biosensing
applications, as electrons can transfer between conducting polymers and
biomolecules (hydrogen peroxide (H2O2), glucose, etc.) [9-10] during redox
processes. This electron movement can be monitored by electrochemical methods
such as CV and amperometry. The obtained results have been found to be related to
the concentration of biomolecules, thus conducting polymers are suitable for sensor
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materials. PPy was the first conducting polymer that has been utilized as a biosensor.
Wollenberger et al. electrodeposited PPy with horseradish peroxidase (HRP) on
pyrographite electrode as well as platinum electrode for hydrogen peroxide sensing.
A -10mV potential was applied to the electrode for amperometric characterization,
resulting in a linear current response to H2O2 concentration up to 0.6mM[11]. Since
then, a series of conducting polymer biosensors have been studied for the detection
of various bio-molecules, including glucose, lactate and cholesterol. Retama et al.
created a microgel structure for a PPy/glucose oxidase (GoD) glucose sensor by
carrying out electropolymerisation in an acrylamide concentrated emulsion
containing GoD and PPy. Biosensors prepared from this material showed a reduction
in response time and an increase in response current, and thus are suitable for aerobic
and anaerobic glucose amperometric determinations[12]. Lactate dehydrogenase and
cholesterol oxidase have been also incorporated and stabilized in PPy membranes by
multiple electrochemical methods[13]. Although electrochemically fabricated
conducting polymer/enzyme biosensors were extensively studied, these methods
were still limited to a laboratory scale and not suitable for mass production.
Our previous work on an inkjet printable conducting polymer formulation provides a
possibility to develop a large scale fabrication method for biosensors[14]. In this
chapter, we look into fabricating wholly printable electrochemical sensor chips,
using printable conducting polymers inks and enzymes to impart functionality and
selectivity. This, we believe, is a truly viable, low-cost route to mass producing
devices for commercially relevant sensing applications. Enzymes were incorporated
into inkjet printable PPy nanoformulation synthesized in Chapter 3 to introduce
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biosensing functionality into the ink. HRP or GoD was simply mixed into the PPyGA formulation and the resulting ink was inkjet printed onto screen printed carbon
electrodes (SPCEs), then encapsulated by ethyl cellulose (EC) membrane which was
also deposited by inkjet printing. CV and amperometry was used to characterize the
printed sensors. Current response varied when the loading of PPy and enzyme
changed. The detection range of H2O2 was found to be 10 M - 10 mM, and for
glucose was 1- 5 mM.

6.2
6.2.1

Experimental
Materials

The SPCEs on polyethylene terephthalate (PET) were obtained from the laboratories
of the collaborators on this study, the National Centre for Sensor Research,
Department of Chemical Sciences, Dublin City University, Dublin 9, Ireland. The
fabrication of the SPCE is described in the papers of Morrin et al.[15].
6.2.2

Synthesis of inkjet printable PPy formulation

Synthesis and purification of inkjet printable PPy formulation was described in 4.2.2.
6.2.3

Preparation of PPy/HRP formulation

2.5 mg of HRP was dissolved in 1mL of PPy dispersion and shaken by a vortex
mixer to make an inkjet printable formulation. The resulting PPy/HRP formulation
was ultrosonicated for 20 minutes and filtered using 0.45 m filters before use.
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6.2.4

Preparation of PPy/GoD formulation

5 mg of GoD was dissolved in 1mL of PPy dispersion and shaken by a vortex mixer
to make an inkjet printable formulation.The PPy/GoD formulation was
ultrosonicated for 20 minutes and filtered using 0.45 m filters before use.
6.2.5

Fabrication of PPy/enzyme biosensors

Fabrication of PPy/enzyme biosensors was performed using a piezoelectric Dimatix
Materials Printer 2800 (DMP 2800), equipped with a 10 pL cartridge (DMCLCP11610). The inkjet printable PPy/enzyme formulation was printed on SPCEs at 25.0
V, a frequency of 5.0 kHz, using a customized waveform to generate 1 layer and 5
layers films. The pattern was designed using Microsoft Visio software and the drop
space was set to 25 m. The printed sensors were left in air at room temperature for 2
hours to dry before 0.5% EC butanol solution was jetted over the PPy/enzyme
surface to cover a larger area (Fig. 6.1). 1 layer of the EC solution was deposited
using a 10 pL cartridge at 20.0 V, 5.0kHz, the DMP standard waveform, and a drop
spacing of 30 m.

Carbon paste

Insulation layer
Silver conductor

(a)

(b)

Figure 6.1 (a) Bare SPCEs on PET; (b) Demonstration of inkjet printed PPy/enzyme
biosensor. ( ) PPy/enzyme film on carbon paste (diameter: 5.5mm); ( ) EC
membrane covering PPy/enzyme electrode (diameter: 7mm).
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6.2.6

Characterization of printed sensors

Film thickness and profilometry were characterized by use of a Veeco Wyko NT
9100 optical profilometer. Scanning electron microscopy (SEM) images were taken
using a JSM-7500F A Field Emission SEM. An OCA20 (DataPhysics Instruments
GmbH) optical contact angle measuring instrument was used to determine the
contact angles of PPy/enzyme ink as test liquids, on SPCEs.
The cyclic voltammograms (CV) and amperometry of the biosensors were
characterized using a CHI 900b Scanning Electrochemical Microscope. Inkjet
printed PPy/enzyme films on SPCEs served as working electrodes with a platinum
mesh as counter electrode and Ag/AgCl as reference electrode. All the tests were
carried out in 0.01 M PBS solution. The pH value of the PBS solution was 7.4. All
characterizations were carried out directly without the injection of nitrogen or
oxygen.

6.3
6.3.1

Results and discussion
Modification of SPCEs

The carbon paste on the SPCE was first characterized by SEM and profilometry
before printing. SEM and profilometry images show that the screen printed carbon
paste is quite rough at the micrometre scale (Fig. 6.2 (a), (b); Fig. 6.3 (a)). The
carbon paste comprises small contacted or overlapping carbon sheets instead of a
continuous and uniform film. Randomly distributed small gaps of around 0.5 m can
be observed over the entire carbon paste electrode surface. An underlying silver
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electrode is used in the SPCE as shown in Fig. 6.1, and may influence the
electrochemical performance of the biosensors as silver is electrochemically unstable.
To solve this problem, a 1 layer PPy film was pre-printed on the SPCE to fill any
gaps in the carbon layer, reducing surface roughness and preventing contact between
the PPy/enzyme layer and silver electrode. It was found that most of the carbon
sheets were covered by the PPy membrane after inkjet printing, and the substrate
became much smoother and more uniform (Fig. 6.2 (c), (d); Fig. 6.3 (b)). The
reduction in roughness was characterized by profilometry at the area shown in Fig.
6.3. The average roughness (Ra) decreased dramatically from 397.06 nm to 270.45
nm after the PPy layer was deposited.

Figure 6.2 (a) SEM image of bare SPCE, scale bar: 10 m; (b) SEM image of bare
SPCE, scale bar: 1 m; (c) SEM image of 1 layer PPy film on SPCE, scale bar: 10 m;
(d) SEM image of 1 layer PPy film on SPCE, scale bar: 1 m.
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6.3.2

Characterization of PPy/enzyme formulation

The ink properties of the PPy ink was characterized after ultrasonication and filtering.
The contact angle on bare SPCE was measured to be 57.4° using PPy ink as a test
liquid, indicating that PPy droplets can spread well on this substrate. The surface
tension of this formulation was also characterized and the result showed that the
surface tension of the PPy ink (48.6 mN/m) decreased after ultrasonication and
filtering compared to the original value reported in Chapter 3 (69.8 mN/m), while the
viscosity value also decreased from 90.6 mPa/s to 28.4 mPa/s. Although these values
were beyond the Dimatix recommended range (surface tension: 28 – 32 mN/m;
viscosity: 12 – 14 mPa/s), this formulation could still be printed using the DMP 2800
printer and generated uniform films. As this work does not have requirements for
smoothness and uniformity of the film, and the designed pattern does not have strict
limitations for resolution as in Chapter 5 either, inkjet printing can still be considered
as a good choice to deposit materials at a specific position. The roughness of the
SPCE determined that the printed thin film on this substrate will not be a very
smooth membrane. The thickness of PPy films was determined by printing PPy onto
glass slides and characterizing these with optical profilometry rather than trying to
take accurate measurements on the high roughness SPCE surface. A linear
correlation between printed film thickness and the number of printed layers was
observed as reported in Chapter 3. The thickness of a single printed PPy layer was
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approximately 70 nm as the concentration of this formulation is higher than that used
previously as reported in Chapter 3 with ethanol.
6.3.3

SEM characterisation of inkjet printed PPy/enzyme films

SEM was used to characterise the surface morphology of the inkjet printed
PPy/enzyme biosensors. This characterisation was carried out on 5 layered PPy/HRP
films on SPCE and the results are shown below. The film was continuous at the
micrometre scale (Fig. 6.4 (a)) and no obvious gaps could be seen on the film surface
(Fig. 6.4 (a), (b)). Due to the high roughness of the underlying SPCE substrate, the
detailed surface morphology was not as smooth and uniform as what was printed on
glass slides (Fig. 4.3 (b)). However, this specific morphology was actually beneficial
for biosensor applications as the rough nanostructure increased the surface area of
the sensor electrode and was expected to improve the charge transfer efficiency. Fig.
6.4(d) shows the presence of the enzyme (HRP) in the PPy films. It is clear that HRP
crystals with a size of around 0.5 µm were embedded and stabilized in the PPy
nanoparticles film. This enhanced the contact area and the connection between the
enzyme active sites and PPy, compared to other chemically fabricated layer by layer
biosensors. To prevent water soluble enzyme crystals leaching into the PBS solution
used for sensor characterization, 2 layers of EC membrane were printed from 0.5%
EC butanol solution as encapsulation (Fig. 6.1 (b)). Thin EC films are permeable
membranes that allow small molecules including glucose and hydrogen peroxide to
pass through but are virtually insoluble in water; thus preventing the enzyme
molecules from leaching.
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(a)

(b)

Figure 6.3 Profilometry images of: (a) bare SPCE; (b) 1 layer PPy film on SPCE.
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Figure 6.4 SEM image of 5 layered inkjet printed PPy/HPR film, (a) scale bar:
10 m, (b) 1 m; (c) PPy nanoparticles on PPy/HRP film, scale bar: 100 nm; (d) PPy
particles encapsulating HRP enzyme crystal, scale bar 100 nm.

6.3.4

Electrochemical behaviour of PPy/HRP H2O2 biosensors

6.3.4.1 Cyclic voltammetry (CV) of PPy/HRP H2O2 biosensors
CV of the printed PPy/HRP was performed to determine whether the HRP enzyme
was compatible with the PPy formulation and successfully introduced functionality.
The reduction process of H2O2 can be described using the formula below:
H2O2 + 2H+ + 2e

2H2O
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(1)

In the presence of HRP, H2O2 combines with HRP to form a HRP compound,
followed by the reduction of this compound to the original HRP. This reduction
needs lower energy than direct reduction of H2O2, thus was expected to occur at a
less cathodic potential.
HRP + 2H2O2

HRP compound + 2 H2O

HRP compound + 2e- + 2H+

HRP + H2O

(2)

(3)

Experimental results agreed well with the assumption discussed above (Fig. 6.5). It
was observed that CV of a 1 layer PPy film changed slightly with the addition of
H2O2 (Fig. 6.5 (A)). A small reduction peak was observed at -0.42 V while oxidation
current was nearly unchanged. The response current of this reduction peak increased
with the concentration of H2O2 but the peak current was very low, indicating that
PPy was not sensitive to the change in H2O2 concentration. Fig 6.5 (B) illustrates that
incorporation of the HRP enzyme into the PPy film successfully introduced a more
significant H2O2 response. The potential of the H2O2 reduction peak shifted
anodically to -0.25 V, indicating that reduction in the presence of HRP proceeded
more efficiently than direct reduction of H2O2. In addition, the reduction peak current
at -0.25V of the 1 layer PPy/HRP film increased significantly with the concentration
of H2O2 compared to a 1 layer PPy film, demonstrating that the sensitivity of
PPy/HRP films to H2O2 was much higher than PPy films. The HRP enzyme was
compatible with the PPy formulation and inkjet printed PPy/HRP films were
demonstrated to be suitable platforms for H2O2 sensing.
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Figure 6.5 (A). (a) CV of bare SPCE in 0.01 PBS solution; CV of a 1 layer PPy film
in (b) 0.01M PBS, (c) 1 M H2O2 (0.01M PBS), (d) 10 M H2O2 (0.01M PBS), (e)
0.1mM H2O2 (0.01M PBS), (f) 1mM H2O2 (0.01M PBS). (B). CV of a 1 layer inkjet
printed PPy/HRP film in: (a) 0.01M PBS solution, (b) 1 M H2O2 (0.01M PBS), (c)
10 M H2O2 (0.01M PBS), (d) 0.1mM H2O2 (0.01M PBS), (e) 1mM H2O2 (0.01M
PBS). HRP loading was 2.5mg/mL. The potentials are vs. Ag/AgCl (3.0 M NaCl).
Scan rate: 0.1V/s
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6.3.4.2 Amperometry of PPy/HRP H2O2 biosensors
Based on the CV results, a -0.2V constant potential was applied to PPy/HRP
biosensors to characterize amperometric detection of H2O2. Amperometric detection
was carried out at pH 7.4 as this is close to the standard environmental pH.
Amperometry of 1 layer and 5 layers printed PPy/HRP films (HRP 2.5mg/mL) was
performed by successively adding H2O2 from 10-5 M to 10-2 M to 0.01 M PBS
solutions under stirring to determine the influence of PPy and HRP loading on the
selectivity and sensitivity of the biosensor.
The results showed that both 1 layer and 5 layers printed PPy/HRP films gave clear
responses to successive additions of H2O2 from 10-5 M to 10-2 M (Fig. 6.6). The
response time for both films was 3 s, indicating that at this film thickness range (70
nm – 350 nm) the response time was not affected.
The calibration curve of an inkjet printed 5 layers PPy/HRP biosensor response by
amperometric detection is shown in Fig. 6.7. The sensor exhibited a linear response
over a broad range of H2O2 concentrations from 10-5 M to 10-2 M. The sensitivity
obtained from the calibration curve is 1.36

A mM-1 cm-2. A 1 layer printed

PPy/HRP biosensor had a similar calibration curve with slightly lower sensitivity
(0.96 A. mM-1 cm-2) compared to a 5 layers sensor. Thus when film thickness of the
sensors increased from 70 nm to 350 nm (1 layer to 5 layers), the sensitivity of the
sensor improved. The reason for the improvement should be the increasing amount
of HRP incorporated with more layers. The limitation of the improvement was
assumed to be caused by the PPy particles forming a barrier. Previously deposited
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HRP was possibly buried by the subsequently printed layer and could not be
accessed by H2O2. Thus the effective amount of HRP did not increase as much as
expected with increasing number of printed layers.

Figure 6.6 Chronoamperograms of: (a) 1 layer inkjet printed PPy/HRP film; (b) 5
layers inkjet printed PPy/HRP film. Applied potential: -0.2V. HRP loading:
2.5mg/mL. A is the starting point of addition of 10-5M H2O2; B is the starting point of
addition of 10-4M H2O2; C is the starting point of addition of 10-3M H2O2.
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Figure 6.7 The calibration curve of 5 layered PPy/HRP biosensor amperometric
response to H2O2 from 10-5 M to 10-2M.

6.3.4.3 Life time of PPy/HRP biosensors.
The stability of the 1 layer PPy/HRP biosensor was studied by recording the
amperometric response to H2O2 under the standard conditions stated above over time.
Biosensors were stored under refrigeration at 4°C. Measurements were performed at
day 2, day 6, day 12, day 20 and day 30. Results showed that 95.6%, 93.2%, 92.6%,
91.8%, 90.5% of the initial sensitivity was obtained respectively. This biosensor
retained more than 90% of its original sensitivity after 30 days storage, which is a
significant improvement when compared to other similar devices such as an HRP
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entrapped carbon paste sensor which showed a 70% signal decrease after 1 day of
use[16]. This stability can be attributed to the presence of PPy nanoparticles and the
EC membrane which prevented the HRP enzyme from leaching from the biosensor
film. The loss of sensitivity during storage is supposedly due to the decay in activity
of the HRP, as well as some leaching during the characterization.

6.4

Conclusions

To conclude, all printable PPy/enzyme biosensors were successfully fabricated by
inkjet printing PPy/enzyme formulations onto screen printed carbon electrodes. The
incorporation of various enzymes introduced selectivity and sensitivity to specific
biomolecules, such as H2O2 and glucose. All these printable biosensors gave stable
and continuous responses to H2O2 over a relatively broad concentration range (H2O2:
10-5 M to 10-2 M, glucose: 1 mM to 5 mM), and sensitivity was acceptable given the
facile fabrication method. The sensitivity varied with the loading of the materials.
Long term stability characterization indicated that PPy/HRP biosensors retain more
than 90% of initial sensitivity after 30 days storage at 4 °C under refrigeration. The
stability of PPy/GoD sensors (~ 70%) was not as good as PPy/HRP sensors, and
further studies on the protection of the GoD enzyme in the PPy formulation and
under storage need to be carried out in an attempt to address these issues.
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7 CONCLUSIONS AND RECOMMENDATIONS

7.1

Conclusions

This study focused on using inkjet printing as a fabrication method for conducting
polymers, especially PPy, to fabricate thin films and microstructures for multiple
applications such as tissue engineering and biosensors.
This study began with the synthesis and optimization of inkjet printable PPy
formulations with good conductivity and electrochemical properties. The influence
of surfactant and oxidant on the particle size and conductivity was studied, as was the
feasibility of inkjet printable formulations produced using Gemini acid (9BA-4-9BA)
as surfactant and a mixed oxidant comprising ferric chloride (FeCl3) and iron (III) ptoluene sulfonate (iron PTS) in a 4:1 ratio.
Then the fabrication of inkjet printed films and microstructures from this printable
formulation was investigated on a variety of conductive and non-conductive
substrates, including glass slides, PVDF membranes and ITO coated glass. The
morphologies of these structures were characterized by microscopy, profilometry,
SEM and AFM at different length scales and the results indicated that the surfaces of
these structures were smooth and uniform. The number of printed layers determined
the thickness and conductivity of multilayer films and microstructures. Initial cell
experimental results on these films showed that they are cytocompatible surfaces
suitable for biomedical applications.
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Based on the cell experimental results, the possibility of using this printable PPy ink
to fabricate a conductive microstructure scaffold for tissue engineering was explored.
10 parallel PPy tracks (100

m wide) were printed on AryliteTM films for cell

patterning and stimulation. Collagen solution was printed over the PPy tracks to
enhance cell adhesion. In vitro cell studies using a PC12 cell line verified
compatibility of the cells with the printed structures. More than 90% of the cells
adhered to the PPy/collagen tracks and created cell patterns. Electrical stimulation
was shown to promote neurite outgrowth and orientation.
All-printable PPy/enzyme (HRP/GoD) biosensors were successfully fabricated by
inkjet printing PPy/enzyme mixtures onto screen printed carbon electrodes. Ethyl
cellulose membranes were inkjet printed over the PPy/enzyme films to protect the
surface and prevent enzyme leaching. A stable and continuous response was obtained
over a broad range with the addition of biomolecules. The detection range for H2O2
was found to be 10 M - 10 mM and for glucose the detection range was 1- 5 mM.
In general, this work has successfully achieved the initial aims; that is to develop
inkjet printable PPy formulations with reasonable physical and electrochemical
properties by a feasible method, and process these materials by inkjet printing into a
range of functional polymer devices. Thin films and microstructures jetted from this
formulation on various substrates were successfully used in a series of applications,
including tissue engineering and biosensing.
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7.2

Recommendations

The possibility of using inkjet printed PPy films as a platform for controlled drug
release was also considered. The device was designed as depicted in Fig. 7.1.
Printed PPy films were expected to work as a “gate” in this sandwich structure.
Preliminary experiments were carried out using phenol red (PR), a common pH
indicator dye, as a test molecule easily detected by eye or quantitatively by
spectroscopic techniques. Results showed that a 10 layer PPy-10 layer PR- 20 layer
PPy structure can prevent passive release of PR. After a linear scan from 0.2V to 0.8V at 1mV/s, UV-vis absorption measurement of the PR can be detected in the
release medium. This demonstrated that the “gate” effect of this structure functioned
correctly and that this design has the potential to be used as a drug release device.
Further studies on quantifying the concentration of the released species, and the
optimization of electrical stimulation that control the release, will be investigated in
the near future.

Figure 7.1

“Sandwich” structure for controlled drug release
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